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PREFACE

The interaction of wood and moisture is fundamental to wood processing,
wood properties, and the performance of wood products. If wood did not
contain moisture, it would be a totally different material in terms of

how it is processed and used. For the most part, the presence of
moisture in wood creates problems and undesirable characteristics.

Large amounts of time, energy, and degraded wood are consumed in removing
water from wood before it can be used for most products. Subsequent

shrinkage and swelling of wood create performance problems in wood
products.

The purpose of the Symposium is to, first, examine our basic under-
standing of how moisture is held in wood and the factors that determine

the quantity held. The second objective is to examine the practical
effects of moisture in wood and how they influence processing, properties
and performance. In all of the papers presented, the authors have been
asked to identify gaps in knowledge and fruitful research areas wherever

possible.
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0" TillE HYCROSCOPIC NATURE OF WOOD
1 /

C-- Frederick F. Wangaard
IEmeritus Professor

Colorado State University
Fort Collins, Colorado

When I first heard the title of this I was particularly careful in selectin,,g
Symposium, two Long-time friends immediately the caption for this figure for this Sym-posium.
came to mind. These old friends are a couple Many years ago I included the same graph in
of figures that have been around a long time Section 29 on Wood for Mantell's Engineering
and are probably familiar to most of you too- Materials Handbook (.McGraw-}ill, 1958) and
but I daresay for not so long a time. I refer went off to the Philippines on sabbatical
first to the plotting of a series of isother- leave. To my chagrin, much later, when I
mal curves for equilibrium moisture content received my copy of the handbook I discovcred
of wood versus relative humidity (or relative that this figure, which I regarded as so
vapor -ressure of water) as shown in figure 1. important, bore the capton "Recommended
We all know this figure, from Al Stamm's book moisture-content averages for interior-fin-
on ood and Cellulose Science, I'm sure. It ishing woodwork for use in various parts of
tells us that EC, at a given level of relative the United States." Where that came from, or
humidity, is inversely related to temperature, how this figure could possibly be interpreted
Need I explain that moisture content in wood as recommending anything, I'll never know.
is expressed on the basis of mass of removable But I am certain that its usefulness to
water per unit mass of oven-dry wood? readers of that handbook was seriously damaged.

32 1
30 - • • -T Let's look now at figure 2 more care-
28 fully than a McGraw-Hill editor did back in

Z . . . ,1958. In this figure, individual levels of
EMC are plotted on a rectangular grid of
relative humidity (ordinate) and temperature

C22, .. "(abscissa). From the slight positive slope201 . . . . j//
S181 . . 25o C /- of the EMC lines we see that, to maintain

40*C any given level of EMC, it is necessary to
,e14 50o . -C' /increase relative humidity as temperature

Wincreases. We can visualize the same thing

.c from figure 1 by projecting a horizontal line
0 . . . . .(representing a given level of EMC) to the
8 .. 100C right so that it crosses successive isotherms

0 of higher temperature. At each successive
4, .isotherm relative vapor pressure is higher.

-65 0 68-0 10The new insight to be derived from
01 02 33 0.4 05 06 07 08 09 10 figure 2 comes from recognizing the effect on

Relatve Vapor Pressure EMC of increasing temperature while holding
Figure 1.-- EMC of wood versus relative absolute vapor pressure constant. For example,

vapor pressure at different isothermal at 30' F and 60Z relative humidity, DIC is
levels. about 11%. Absolute vapor pressure is about

Stamm: Wood and Cellulose Science 0.100 in. of mercury. Now, if temperature
alone is increased, let's say to 75' F, EMC

The second figure that came to mind is drops to less than 3',. How does this come
more complicated and not so well known or about? The slope of those constant EMC lines
understood, It introduces into the first is really not all that great. Were h00.
relationship another term -- absolute vapor relative humidity to be maintained, LMC would
pressure. We see how these parameters drop only about 1/2 percent. The key, of
interact in figure 2. course, is that as temperature increases to

750 at constant absolute vapor pressure,
/-Presen-tedatSymposium on Wood Moisture relat ive humidity drops from 6bi,! to about 1 2-".

Content -- Temperature and Humidity Relation- The latter kind of change with temperature is
ships, Virginia Polytechnic Institute and by far more common than the former. I find
State University, Bl3acksburg, Virginia, figure 2 a lot more useful than figure 1 for
October 29, 1979. this reason. It is relevant to what happens

in our homes, ol ices, and factories, in

. . .. ... - - .. 7 .-- - - --: : . ... .. II
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Figure 2. -- l12 of woodI in relations/lip to relative humidity, absolute
vapor pressure of water, and temperalture.

USDA Forest ProdiC t S Lc/boratorv

northern winters at leaist , when heat tog is -- to the quanti tv of water adsorbed. TI'h, micro-
not accompanied b%, hiumidification. If next fibrillar ietwork is distended, mostly later-
winter we hear our buildings to a maximum of ally, and we observe that the wood swells.'.
65' F, as mandated uinder President Carte-r's
energy' conservation guidelines, moisture The forming of a hydrogen bond releases
content would not drop quite so low -- a bonus energy in the form of hleat and conversely its
that t doubt the administration has given much disruption requires anl input of energv --
thought to. Put no more of this -- you will mechanical, thermal, chiemical, etc. ile
be hearing more from other interpreters of energy of the bond is expressed byv differ-
these relationships nore competent than I am. ent iai. heat of adsorpt ion -- the total enercv%

released when one mol of liquid1 water is, added
W'e have been looking at some evidence of to an infinite amount of wood s ubstance.

tile hygroscopic nat/Ire of wood -- its affinity Initially, when thle wood substance is bone
for moisturTe -- and now may be tile time to dry, thle released energy amounts, to approxi-
look more closely at tire actual interact ions P/ctely 5 kcal per mol. AS moist Ore contentL
ti/at take place between wood substance aind increases, tile amount of eoerov rel'eased pe r
water_.-'Ti/e cell walls of wood are orgaized no 1 of added water decreases, indica/t ive of
as a st ruc tural sys ten involv ing f il/men/to//s tie ope'ra/tion of lesser it tractivye forces
microfibrils, rmostly celliuloqir nd crvstiiilime suIch I., van der lal f;,1 orces. A.t 1 - moist/ire
in-eomposition, ailwlor iented es.sential lv in content, different ia/l i/e* of adsorp t ion 1,
the direction of tile longi tiudinc/i i/xis embedded decreaised to abou/t I kCc/I I'er aol . On e/e

in an amorph/ous matrix of none rvstallIine ing fibher saltuird t jo/ at aboi// i0i Tno i St /re

cellulose, hemicelluloses, and lignin. Tile content, no energy is released upon further
molecules in the amorphous regions, primarily addition of liqu/id water.
because of the prominence of -01i groups in
their structure, are all capable of forming TI/c EMC balance between vaplor aind bound
hydrogen 'onds . VtTylIke t-he clos"-pRV~ed wa/t er -- wi/en holdinrg rela/tivye h//mid it'; coni-
cet1iloe-hainst'in the crystal lattirc -w+"ln st/lnt ih/t inlcrealsing temera'llture -- Siits
the-rrfibr I14-6ev are accessible to water t Owc/ rdl a reduc tion inl i/o//ld %wc/ tLe(FP dule
mo lecuiles through di ff1/sion from the surro/Ind- to tile inc rec/sed t herm/l I nti tati0n of thle
ing atmosphere. W~ater molec//Les are thiem'selve i'25 ntercti//It nolee/Il es. lo tni/ /taci/ I2'h(
hlighly susceptible to hyvdrogen bonding. [fie co//st/nt, it is niecessary tict cibsol/ute el...r
intermolecular h/ydrogen bonrd ti/ct deve lops h/ess/ire ihe in/1red//ed ub/iin't /ric/l% ai tC- / 'cpr-
between them when a water molecule dlpproaci/es at//re ri/sec .As Ns/i 1,ook baick /Iti Iire- I
within 0.3 nm (we used to say l ) of thle andis 2, i,'ic. Von ii 11 see th/ /s on/O,/i/'5

attra/ctive site oin ti/e polymler is, tile ic/is russ,' n/slic//ld// i/ir-ec i//'.

for the hygroscopic it (iof wood. [liC cIdissrhed

water is "hound" to mo lee//iar s/iTfaces Withiin
the polymer matrix whicii expa/nds in proport io//



1lI!)L 0t fV ))-SCpt I iACtL i v it Lv is s;iinld wa overlook mlIkss by tile i til i'iat l
I itli ttd to tha ran,-a ot CIA ui I ibr-ia betweean is~r at _wood,1ta ' duc t') iis i-k

hbound watar Antd watar Vap1Or blowx, tile I ih)Ir- iwcirelleSS ot til ic's t ohiams of t,'Ind .!-i .t arc
Saturat ioi paoint.. AbOVc' fibl Saltllrat loll,
thea ful l% swallcin cell IAil canl tika up nto Tl i who will t-:'k1''
ia)ra c ,a t er . Casaic'i i, 1ll mitituta t his mornig indi this; af t Vrio01n sjlj ll-

Cotent ci11,1110 OCriit'5 t itt IC c'Iadd it ion) iddrassin" ,itsole al thic.v ' pr c)blIcems . itt to
or subtract ion of frc waitat litld in Ita cover all at thetc al d tair more thlan or

lI'01 Wcaci t 011 Iis USCllIaviA It f

Witc'r , itard-11O~sis, tOt cttvp lv, t Vp trat v
a vaera 1in'a 1 o t It Si. inttl11 0 mi It IIr-c' 0 11t 1nt ,

I ut tis is t halb IOw tlie ftl l.v-salt Ira.1td
Cond it ion t1:1 all Cal11 Caw itias arc' cOvl'tc''

.la wi th wate'r.Alwo I r hn'
under rand it ioans of Cull I si tlura tion -- l' ith
mo isture cattent rn;jgin tile 1itundrads
percent -- heance nature has, emptiecd man';
t tasa? cellis titratult capiliir v-i'lposed forces
ao IF iqutlidl tans, iani as; thae.% arc'k? llLIv tamawad
tram tht Ieact i Vcand Itc t ingf swstaml in liea t raa?

Our r 0c1-a a 11drving woad macvcompteainant
t ilt jab alIraadw. d"1na li n itura. liowavar, I
mut st aldmiit shyIt lCt I'. tmh ials pa rt tao

Pitht ar, tiw' 'rob lc O"~ f ma isturv in
wood 'taOU aIrC- ,itt' tao cr* mluch about tha'n
inl thlis Swinpas iml. fi as cover thte spec tirtm
from dry ing, wood thrOitaic all pitasas af pro-
ceasinitv' and distrib~it ian to tita instail la-tian
.ind prataCtIiaml Of tilt fittishead product. It
is litard lv naaassarx' t, ' t ross thitr iMImrt-

.latip. t ime.t ara I prascintca i mipi r
t i aed "Ho1w Pa od A.\horhs ind Sce i; it a

sa m ituri rt P)imans i on t I I St ; 1i It i _t taon oat,' la
itch at thta Frast Praduict. s boatr ir n
',Iad isa;n . It was; a stra icht-farc itd techtnical
cfi icl iisa iaO f till' pitanonaMtia at sisal i inc an1d

sititkin:. ALftar tila swmposiim. tile editor
of A lana3iiati t rade jouirnal asked tar a cap:
af it. 1-aipvr sa that lIa raULdI cans Ldar it fot
puit icat iatn. lia dii plith1Isit it (Canad i aut

ls'odt~rkor >iv 194) nd it appoarad ltiar
thiae smawtatatmitiitt t itl I a ''Ytt Youi ghoulld
Know .\Ihkout ho'' -- A t it Ia ra tltlrk
in lKavwords as hibliatzrapitars itIit poIint
ou(t . Sprad prominetici v across; t ha top of

hai t itIae ig was tiae thireateninti admalit i i'i:
"Thtis catild af fct ',Oir aob!"' I doa tnt doubt
tiha truth of that ona hit. .. lb and imrluat
taa , itava tttidtmubtad 1 ' been 1ffaCtadl -- I
nmia n I it ear al I It 0S t - - i) tV p I aICgICCt 0ot1 t ha parI)t
,,t tuanufajctlurc'rs dis tribtitar., supplivrs,
dvcLsivrs, trcitetats mtd bottiItiar to tati-

. idcr tite i'attsaqttncas of im~prope'r 'Oti ca
of moistre cotntti of iada(itat a ntc',sttrc'
to at'cotmdatk' itnavokhdrblc m viitita vir itt ion
itt theair ;rrsitg trii,_. liidi in, .tIni
uISa at W0ol .Ini w00od-'.istsh NOta iI-s



1 1li 1 A 1 1 T 1.A 1 UR >

1L fIl" !t , l..l r '11.

00,

V t 1 I! 11 i xtIc i In rt ii i t i t ici Mt Vt I

<11_il I!,, m~ch l.ilnltv 'Ind :ull w il I, I

t ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~~t ii 1 ' ;' . i- o ic 'Itii ', cld III:, I :

11IL' WOt II OIL' cm r inir,

C I I rei Il'\ I'tt I

tnt 1cr Jit T N i ;'JllL l~ l% r I i

th ii 1r1. I110t .ii s si

0:tii i 11, 111 I l-Ii it " i l i t ip Iii tnt1 l. I. -t i

diii ~ ~ ~ ~ r Ii t' 11i lit 1i S i XCSI I ir'c t Y c

I p l itl l t il 71'5ItS[ iii V citxi I/.). rr rs ii

tI'~ -ir V 11 i ' L 1' 11p r it .inji Ii li iV 1c niit I Ill. 11i U1 l ',ItI:

Ill t 1, 1 i d St i i .II u-Iiit w V cItll I~ t ti n ' l,'

lliit'i~Ill L1 t Iit t-i I iIIVst -



:,[b t I. -.d<, d :: i~ t -, L., : As .1 !un 11) t ,!) I t lli, il so ! -k,:I .Xt .I:, '. j ' 1' : '

~t a i,.', Iumidlitv it ev-.rail I 7 ).

I-A t 1 L R S .i FF ( 1 1";. i V

,rlit c ivc Hurmid i tL

- v t - r l ',:d i -. ^ :

(7,I'l" t2° 
"  

.I~b :] v , < :: 11 r ZI 1 . : * < .: 1 1 .1 -

7 ( F ) r In ti ' r

VS FlI P1 Li .I.0
CANAIIlAN '.2 NA ) 1A7.2

', IA." \" . S. I l b.-, r:vr t .

BRTI S S I 10 17.7

6 , , rd - r

s co i it v i- rt 0L r

F1 Eli. 1.. I"..l i ' > L Ur it jI'. 'It ,

.ANAI . . : 14.) 7 R t , , , 1 ., t ,,
;ilFK't.N : -,, : ,fl 14.1 i'Il:s'in 1561) idl t t 1 Ft

S ,. : .8 15.1 S1 7 " ILL I,

it 7 It Il ii LI, , .

creasi- lII t E t l uret' I: r ", iI : .

ISO ': ( 8201l mI" idit v range. 'I i r,!<i I n :
d isc ussedi in :mo r , ,_t i: i : I , W: ".

US E'l : .9 08.0 11 .3 on sorption tilori,-s 1

t ANA:L . 3. . 7
S N5 6.0 11.2

RlSu .. 12.1 St p, : s

l is qu it e  a  wid, xI r :,:

1, t c tS 1 "'1. (F1l, 1974) , Canadian values x, r ar ious s'C it_- lnd ,ti T : :
Iii,, .ind 111 yiL77t, ,rtit (ilildebrand 10), species. For exmp l, S, i I . ,-

:irtisl k tP t I 7 . ports teut Lt 4 C ind it -" 2 t

'f tropical hardw ,,dscriW ti. t \ It. I %1,,r -
sapwood samp Ites h ad I, dI ri , II 7r

A ther lodvulaml i c I,IIl5siS of tilt .1.t f ljd 16 .6 " .7670 " 1; 1 rtwood s,imp I rr

r; !'ilb tlletr7otl)MetCr is provided bv Bird el. aI. 51 P 0 1.0ix

1 
0  

,,. 0 .,9) Whieret in
IWengvrt (q eotd, ~n:

' ' - I(S) ,Sc)2/3 rium MC value, for c Aerth Amerit.in " r.

(DB - WB) at 80'F and 80 RH of 16 .5 to L?.3.
1- 55 Pr

Spalt (1058) examined the sor tion r-

whre acteristics. of vairiouis tr,,pi 1 1. ,it , A

til NC at L: r,111: ; : ., f

* sLtlftrited vapor pressure oi w~lter at
ItB/atmospheric press ure (or mole Altioii ti'rfft"rt 1911 0 I

fr ct ion of w;iter in saturated air) ht l cltlost, .and li nl 019 1ii lt I v,"[l!

mo I I fraction of water i n a i r (tilt t'lC, tilt' 50!ipt i oll h h%,ilt Ir ' W I.

des ired number) rmttt of tilt 9 i,lt iu ' I, 1 1". t .-

DB = dry u lb te tperttturr , °F Erxt t i r ed I , v , , i , I- 's-

R'B = tet bulb temperature, °F tier di setIsonLl ,,l .\trj', t i t

Ci) = Specific teat of .ir, Btu/LIt-MO e F ,d in a siibstivk!t pip,'r x "piIt I t .

.ll - hiat of vaporization, 18,900 btu/lb- posititre.

mole at 70'F
Sc Scimidt number

'r i randt In umber



,1

Specimen history

there are six major influences or tr-at-
ments that can be grouped under th heading t
specimen histvrv: a) hysteresis, b) stress,
c) temperature, d) mechanicail , ) chemical, Iand 0.4

t) radiation. ic1 first of these wilt be die- z
cussed in detaii by Skaar in a subsequent paper c
in this s\mposium; the remainder are dislcussed Z

0
herein. 03

b. Stress -

The fact thait internal or external stresses

affe t tile moisture content of Wood at equilil- E 0.2

rium is not as well known as the fact that other K
external factors affect wo,,d moistur,- 'ont-nt.

The equation presenlted by Barkas (1949) relates z II

vapor pressure, mois ture content, and the applied -
directional stress, and was derived usin. thermo- 0.1
dynamic considerations. The theory status that Z
wood in compression will decrease in moisturt, U

whereas wood subjected to ,a tensile stress will
increase in moisture content.

Studies hiave been done using swel ling 60 75 9C

restraints as a means of inducing compressive PERCENT RELATIVE HUMIDITY
stress on wood blocks. Using steel rings as

swellin5 restraints, Bello (1968) found an
average moisture content reduction of 0.51 and
1.44 percent for restrained samples of five Figure 1 .-- ang ln istr . ntilt a- 0. :-

North American hardwoods when exposed to rela- tion of relatie hu iditv. Sol r,'',
tive humidities of 58 and 87 percent, respective- tangential stress at 90 fiber striss >:* 7r-
ly. He also observed a greater reduction in portionat limit (FSP1.); open circle, tingu:-
moisture content for the denser species. The tia stress at 60 FSPL so 1 

id suaOnre. radi
greater reduction in moisture observed with stress at 90 FsPI.; and opn sqiire, ral C
increasing humidity and density was attributed stress at 60 ESPI (Sipson and Skaar 1ob.
to the higher compressive stresses associated
with these conditions. Belle noted that the
results were in good agreement with Barkas' content decreases when wo,.o is
theory, and increased when wood is subjected to t:n-iun.

Tie rate of moisture change per unit strt, s ,i
Simpson and Skaar (1968a) used unidirec- greater for specimens loaded in tension tlin

tional swelling restraint on red oak. Unre- those loaded in compression, and tile c ct

strained samples attained a higher moisture stress induced moisture change s 'ore pro,-
content than samples restrained from swelling, neounced in the tangential direction than the
the largest reductions occuring when the oak radial direction, as had been indicated in tht
blocks were exposed to high relative humidi- previously mentioned work. The moisture change
ties (80%), the moisture content reduction being per unit stress showed no significant differences
about 0.25 to 0.50 percent. Other work by these at different levels of stress. Although pro-
authors (1968b) confirmed an increased reduc- dicted changes in moisture contents trom th
tion in moisture content due to compressive Barkas theory were higher than tile '-perimenta.
stress as initial moisture content increased, values, application of the theorv appeared to
and also gave the appearance that there may be be valid.
a greater reduction in moisture content at
higher stress levels (Figure 1). It can also Studies (libby and Ilavreen 1061 and lvon
be seen from this figure that a tangentially 1963) on moisture changes induced by transverc
directed stress is more effective in reducing tensile stresses showd that tile ma lnitude oi

the moisture content than a radial stress. mositure content increase for Pouglas-fir de-
creased with increasing initial moisture content,

Simpson (1971) induced either compression and that this was a greater factor in stress
or tension stresses in red ,ak samples. The induced moisture changes tlan tile stress level.
results indicated conclusivelv that moisture The moisture content increase doe to tile talltleLn-

tiallv directed tensile stress ranged from

6



o. 02 to 0.20 tr'llt, deIpetnding n test Io'id i- IsO tIICrr. ) inc I ide, nI% tIIu st rss-,s t-.rtd

lions. From these resiults, it was concludd Iv thu ::ti rofihril> (nfi rts, opit stresses).
t iit l iv lit.w sorption Site. i-s are exitostd it hi leI r !
10ISttr Cont11t iltS When tensioll is appli ', and In Iii m arv, tt-'rS5 do.-s ,it lft t It I-

that 'iost new sorptil sit-s are oxpost It thu ti )n isothetrm. As d-picted in Figure 3, , ,,-
low t r-as II. v. I s. Iea; Its 0 tens ioll .;)i I d yr >I5 i.t %'- I r,, t-Ill ret.I s 1 th - [I ' wliill .i tI un Ci A
'.ir,) elI to the drA in 11a initil lSS l

1  
f r- lncrtass i i i h. t ti I m istiur t, n:tuit

then n il t asc i itii o tt iTre t1 l t w it h t iit-
itI in it i.il 1oss, the anuttors sllc4tst , 7liV bte

d to in Intleict- in -rvstal l initv.
z 25

Ihe discussion ot st'rcss -t ft- t ha,-, ui'
Z7/

to tilaS point. 'tn ctnifii d tl x t rli strts- O 20 7

C,. Strtssts ti l r. sni lt rliro1 int-rnlal 1,)ttor
suchIi :s moistrIl -:r,idiCIIts, whih 1 s t-re

IX 15enoiih Iuriu dr in, will result in t.ist-hirdtncU D
lu t: iber. licro)S"Iljic t issue, ,LI,4o rp nu'

r,,vs and diltrll'es iL'tw n eirlx,, ai n latt- Q 10
wo od, .And :icrc pi n otro y c hi ,itd ,

1 iibril oricintation dilf rcin'cs in tit S! an1d Z 5
5) comt:tared to the >;2 ind bv 1 inttrfibri I w
tltnds whicih I irU It wol in, 10etw In fi )r iis, I
,ls) r-sult ill Iau ii intetrn il stresses (SkIar . 0
117.'). lior dilfre-nt conditions of stress hia' 0 20 40 60
bI . n l pl i- 11', Bajrk~i [ v}',i  ill iau .tin :

tih itsothEtr-:s ior spru,'c >hOwn in Fiur t PERCENT RELATIVE HUMIDITY

Fi urc 3.--Sorption isotherms for sitka spruce
siowiln sbift due to tension (upper curve) and

30 compression (lower curve) (Skaar 1972),

z
:it which the stress is applied is a significant

0 j actor. High moisture contints result in a
U 20 C/ greater reduction in moisture when stressed in

-ompression, and a smaller increase in moisture
when tension stresses are applied, compared to

- I Iotwtr moi s tire cOnt ent s . iThe effect that level
0 Bof stress has is probably small. Compressive

10 stresses appl ied in the tangential dirtction

z reduce the moisture content more than those
i1lpii i rid ia lixv. The rate of moisture changc

CA per unit stress is grcater for specilens exposed

0 _ _ I to tension stresses thall for those loaded in

0 20 40 60 80 100 compression.

The effect of stress on moisture content
PERCENT RELATIVE HUMIDITY would be present in plywood as it shrinks and

swells, and large wood members as well as dry-
Figure 2.--Sorption isotherms calculated b inlg wood due to the stresses caused by moisture

B,ilrkas (1949) for spruce. A, constant volume gradients.
-l ''11 wall; i, colstant volume of gro'ss

wood; C, natural sorption; ind D, stress-free L. Temperature
sorpt iLn.

Many researchers have reported the suppress-
ing effect exposure to hi h temperatures for

Isotherm A represents :I restr,iining condition lOngtlh periods of time has on the subsequent
which keeps th cell wal i at constant volume, wood Moisture content when equilibrium is reach-
Cross wood volume remains constant in isotherm ed, Several studies tin tile physical and mechani-
B, so that swelling occurs in the cell cavities. cal properties of high temperature dried wood
lilt0 natural sorption isotherm C, depi cts wood have been done and all indicate the reduction
unrestrained externallIv. but still siibject to in the equilibrium moisture content (EWC) in
the microscopic restraints previously mentioned. high temperature drying is of the same magnitude.

II
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with ~ ~ ~ ~ , .lenti uJ r udrl ine, Ind Ind ttumperaiturr- (Xi 1-tt an1d -rn -

'tern red .'-Ld .n From ti, isukthervis generated 60
nv lslcocntrolle~d orupt jun condit Ions in) tOs

Same. stud'. th !, reates ~t d I It erenCS oCcured it 2
lirr r.Lit ive uiiind it is of 70 tu 9050cet

Iii is iurees with resulits obta(ined hxv Richards 5
(19 58) . who noted that the liagn it ude if thle rLe- \
duct iun in the hxgruscupic itv of seven hligh 40N
tumperilture dr ied hardwoods was murt- pru nui3nced U
at the highur LIMC -ndit iOi S . Z

U'sing Small saimp Is a- nd heat ing Suveral 30
spec ies at uven dry cun i t iunTs , M111II t t a Ind /
ieCrfiards ( 1972) rrccurdeLd reduct jun. inl hvcru- r,20
scup iCi tV fur diffeurent t empraitures and t imcs. z
As canl he seen inl F icur, I . the tfof-ct1uf in-
-re as ing t ime aind inct-uas i ngl tvmp,-raIturu r0- 10

sited in due cras initg I 110. A Ithugh nut shuwn -
hIe r e, t ImIt2Lr r e s tlIts alIso inI)d icazIted thIIa t th I ,z

r eduLc t uni r. Ite fuor th I I:'1IN wa Is IIcuat L-n I our < 0 v_____
hiardwouds than fur softwoods . Al thLuugl 110,til'g
woud in u,.un-drv cu~nditi junS pruducud .1 nu0t ic- 140 200 260 320
able reduictioun in FAC1, thu changes in hvgru- HEATING TEMPERATURE (00)
scopic ity whien wood is steamed or heated in
water are less understood (McLean 1945 and Stamm Figure 5.-Antishrink efficiencies obtained by'
1964). heating western white pine cress-sections

I inch thick under mu toen mu tal at different
thie reujct ion in hvg ruscup (ci tx due tu temperatures tur di ffurent - niuds, of t ime

(ra t ing tile wood results inl Some degree uf di- (St ,xmlm -t . al.l n
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expressed thme reduct ion in Iivgros cp icitv as
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given t ime , as well as the of fec t of increasing created during high temperature dryving, or a
time on reduc ing hygroscopic ity'. IIVSterCS is effec't creaited in tile high tempera-

ture kiln.



.- When wood is heated (as joppsed to dr id) , current situations--hig
t
h temprature dried

it can he seen that the reduction in hvgro- soltwood dimension lumber, many panel products,
,selpicitV whI.i Wood is loiled in water or and some imported, tropical species.
steaLmed has been less explored and is thus I vss
well known. Therv is an cifect due to species, High temperature dried dimension lumber,
perhaps due to extract ivces content , and it ap- as mentioned earl ier, has been shown to have
pears that tie rite oe reduct ion in hvgro- decreased hygroscopicity when compared to
scopicitv is larger tor hardwoods than for normal kiln-dried or air-dried lumber. Tb is
sot twoods . Work conducted by Stammr e t a-I . (1955) in turn raises a question of determining strength
indicaties (1hat tht. reduction in hygroscopicit v related properties. Should strength be deter-
due to thermal treatment will last indefinitelv. mined at a standard moisture content or should

strength be determined after reaching moisture

TIhe sit i ft in the sorption isotterm would equilibrium at a specified relative humidity
be expected to occur tor other heated products (without respect to the moisture content
such as heated 'eneer logs, plywood, particle- level ) 2 Another question is the application
board, and chircoal. oI the 19. and 157 moisture content limits of

the volumtary lumber standard used in marketing

d. Mechanical softwoods, as to reach these limits means that
high temperature dried lumber is in equilibrium

Mechanical treatments reler to the zoth- with higher relative humidities.
anical breakdown of solid wood, As the wood
is broken down, it hcomes slightlv more ab- A second area of practical significance
sorpt ive. Starmm (196l specul1ates that mecthan- is with panel products. In addition to the
ical breakdowm mav cause a breakdown of thet strengthi question raised above, it is also
crvstallinitv at the surtie ot the fibers, important to realize that when panels are fab-
However, at 73'Rl, tite increase in .bsorhtivitv riated into items such as furniture, having
is only 1/" MC for lo, lllv pine th.t is thor- ill pieces--veneer, solid wood, and the panel--
oughly beaten, at the same moisture content may not assure

stcibilitc as the three components may be
e. Chemical initially at equilibrium with three different

humidities.
Chemical treatments can at fect wood and

its sorption properties in many ways bv modi- The third area of pr ctical significance
fing tlte extratives and/or cellulose constit- is with those species that have high extract ies
ents. and depressed isotherms. In purchase of this

lumber with a moisture content specification
As extratives are removed, increased hivgro- it is necessary to specify lower moistures

scopicitv will be noted, unless the extratives than with domestic hardwoods. Further, hard-
are more hiygrosco pic than the wood. wood kiln schedules (which are based on

"normal" isotherms) will result in unsuspected
One of the most influoncial treatments in- acceleration of the temperature schedule and

creasing hvgroscopicitv (Stmm 19(4) is the possible degrade.
tre;itnleut of plp with a strong alkali. In-
crease oi I. to 1.5 times greater ivt roscopici tv
it high tlumditit s wer toted. FUTURE [SOTHERM DAIA

,idit iln There are probably many ways to handle
the sorption isotherm variation, ranging from

File tI lct ot gamrmai radiation on Sitka developing an isotherm for every piece of wood
spruce wood shows a distinct thecrease in hvgro- to ignoring the problem. We hope that this

-copicitv (on tite order of I to 2 MC wit It a svmposiim will discuss rational approaches.
radiation of 108 r.ids) (P,iton and ihearmon 1957).

We would suggest that a series of perhaps
five standard isotherms (perhaps the isotherm

IMI. I (A' It tON o SWl l'l IN ISOTllERM VARIA ION should Ibe the average of ad- and desorbing)

be developed to represent the range from the
InitialIy, we stated that the relat ionship most htgrosoopic to the least hvgroscopic

between moisture content and relat ive humidity cases. Then wood and wood products could be
is extremel y important. Yet, is showrn bI mane indicated as behaving according to one of these
researchers, the relationship is aficted by standard isotherms. As processing evolv'es
m.inv variables. In many in-vise situations, tie further and as specificity for wood and wood

standard IS FPL. data ma. be sufficient. However, products incrtases, the question of how to
it is clear that this dati is sufficiently v,,n- handle the variable isotherm must be addressed.

irali zed that it l,,es ntt apple to several
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PSYCHROMETRIC RELATIONSHIPS AND EQUILIBRIUM MOISTURE CONTENT
I

OF WOOD AT TEMPERATURES ABOVE 212 "'F

By Howard N. RosencResearch Chemical Engineer
USDA Forest Service

0 North Central Forest Experiment Station
Carbondale, Illinois

ABSTRACT

0 'Equations are derived to evaluate psychrometric relation-

O ships over a range of dry bulb temperatures from 200 to 500 'F
fand wet bulb temperatures from 100 to 210 'F. Wet bulb

temperature, adiabatic saturation temperature, dew point,
I relative humidity, steam content, and enthalpy of humid air

streams are discussed. Graphs and a chart are presented that
relate relative humidities and dry and wet bulb temperatures
to equilibrium moisture content of wood. The practical prob-
lems relevant to evaluation and usage of psychrometric-
equilibrium moisture content interactions are discussed and
several areas of future research are suggested.

NOTATION Q heat transfer rate, Btu/hr

A area of wetted surface, ft' RH relative humidity, percent

c heat capacity, Btu/lb JF SC steam content, percent

Dv diffusion coefficient, ft'/hr T temperature, "F

h heat transfer coefficient, Btu/hr ft 'F W mass rate of evaporation, lb/hr

H enthalpy, Btu/lb dry air Y humidity based on Tas, lb water vapor/lb
dry air

AHv latent heat of vaporization, Btu/lb
Y' humidity based on Twb, lb water vapor/lb

k thermal conductivity, Btu/ft F hr dry air

M molecular weight, lb/lb mole K mass transfer coefficient, lb/hr ft atmos

NLe Lewis number, k/cpDv K mass transfer coefficient, lb/hr ft- unit
humidity difference

p partial pressure of water vapor, psi
p density

p* saturated pressure of water vapor, or
above 212 'F, vapor pressure of water, Subscripts
psi

a air

average partial pressure of air, psi

av averaqe
Pt total pressure of drying atmosphere, psi

db dry bulb
Q heat transfer, Btu/lb dry air

dp dewpoint
!Paper presented at the Symposium on Wood

Moisture Content--Temperature and Humidity
Relationships. Virginia Polytechnic Institute

and State University, Blacksburg, VA, Oct. 29
1979. 12



f air film equilibrium moisture content (EMC) data from
the literature. I also discuss the major gaps

[1 air-water vapor mixture in psychrometric-EM technology above 212 'F

and where the emphasis on research should be
s at adiabatic saturation temperature placed to fill these gaps.

t total ',FV F[I PMENT (OF PSY(HROMET IC CHARTS

T at dry bulb temperature

Adiabatic Taturation Temperature
w water

When unsaturated air is brought in contact
wb at wet bulb temperature with wite, , the air is huridified and cooled.

If the system is operated so that no heat is
wv water vapor jained or lost to the surroundings, the process

is adiabatic. Thus, if the water remains at a

constant temTperature, the latent heat of evapo-
Psychrometry is a simple and inexpensive ration rust equal the sensible heat released by

method to measure the relative amounts of air the air in coolin:. If the temperature reached

and water vapor in a humid air stream. The by the air when it becomes saturated is the same
method requires measurinq the actual air tem- as the water, this temperature is called the

perature (dry bulb temperature, Tdb) as well adiabatic saturation teiperture, Ts.
as the temperature of a wetted "sock" from
which water is vaporized into a .as (wet bulb When air at temperature, 1b, and humidity,
temperature, Twb). Worrall (1965) states that Y, is co)oled to Ts (symbols ire defined in the
the psychroieter is well suited for mesurinq totation sertion), the air will lve uP a quan-
humidities up to temperatures of 500 f titi of heat, Q:

Until recently the forest products indus- C (Ha Y (%V) (Ha) Y (H }s) (W

try had little interest in psychrometric re-
lationships and the influence of huidit, )n As the air cools, its humidity increases
equilibrium ioisture content of wood at tei- frow Y to Y at saturation, and the heat ab-

peratures above the boilinq point of water. sorbed bw te va"Iorization. Q, , is:
This interest has been encouraqed recently for

two reasons: first, the increased use of hiqh - (Y 'Y [(H WV)s - (Hw)] (2)
temperature kilns to dry lumber and, second,

the need for energy conservation in wood Cecause the process is adiabatic, 0, Q, , and
processing. Moisture content control, espe- ifter rearranqement:

cially important when drying lumber for furni-

ture stock, depends on maintaininq a prescribed Ys [(Hwv)s - (Hw)s] 4 (H)s - (Ha)T (3)
humidity in the kiln. Also, humidity deterii- y - 3---------

nations are required for evaluating eneriy use (Hwv)T - (Hw) s
and for energy recovery potentials from lumber
kilns and veneer dryers (Corder 1976, Rosen Enthalpies are based on zero for liquid
1979a). water at 32 F[('Hv) 32  

=  
1075.1 Btu/lb]; thus

Considerable experimental data have been Ts
presented to justify the theory for developing (Hwv) (.Hv )32 + J3. Cwv dT , (4)

psychrometric charts below 210 °F (Wengert 3v

1979). But psychrometric charts for tempera-
tures above 210 'F have been based on an exten- Tdb
sion of the low temperature theory with very (Hwv)T (Hv) 3 2 + cwv dT, (5)

little experimental justification (Anon. 1976,
Evans and Vaughan 1977, Zimmnerman and Lavine1964). sT s

In this paper I derive the mathematical ( f ca dT , and 6)

equations for calculating psychrometric charts,
show the limitations of the equations, present T

high temperature psychrometric charts best (Hw( / . w dT (7)

suited for the conditions encountered in J2
processing wood products (200-500 F Tdb and Saturation humidity is related to the par-
100-210 'F Twb), and present high temnperature tial pressure of the water vapor at the adiabatic

saturat ion temperature, p*, for one atmosphere

'I



total pressure (Zimmermarn and Lavine 1964) by: t
0.6244 p (8)

(14.70 -pr)

For the range of conditions from 100 to
212 'F, partial pressure (fig. 1) can be accu-
rately related to Ts by:

.9160 , -

Ps = 1.236 x 10' exp(- -60--.-- . (9)s T--+ 459.6

Values for cwv, ca, and cw as a series (I,,
function of temperature are obtained from the
literature (Appendix). '- ,,y

The integrated forms of Equations (4) to
(7), as well as Equation (8), were substituted _

into Equation (3) to obtain Y as a function of
Tdb and Ts.  F iqure 2--Diagram of a wet bulb thermometer.

DRY BULB TEMPERATURE (°C)

called the wet bulb temperature, Twb, is reached
so 100 SO 200 o50 when the rate of heat transfer from the wetted

g0 00 I surface by convection and conduction is equal to

800 1 the rate at which the wetted surface loses heat
in the form of latent heat of evaporation. The

400 - heat transferred as sensible heat from the air
to the wetted thermometer bulb, 1, is

200 -) hf A (Tdb - Twb) (10)

100 Heat lost by evaporation, which must dif-

so fuse through the air film that covers the wetted
8 o 80 surface, is expressed as Q:;

0 , 0 . (Hv)wb W (ll)

where
ac 20

W 7 Mw v A ' (Pwb -
P )

(12)

,o - When the partial pressure of water v,wor
q 0 is small compared to that of air. th,, followinq

6 expression can be used (Treybal l9q :

4 Ma P
(Pwvb - P

) 
)(wb Y') . ( l

2Mwv

Redefininq K in term of a humidity differen(c,
Ma p K, and combininq [Fuations (11) to (I3k

-~ yields;

100 200 300 400 So o 2 (,Hv)wb A (Ywb -
Y
') (1,)

DRY BULB TEMPERATURE (F) it Twb, - 0.. Thus,

Figure l.--Vapor pressure of water as a function hf
of temperature (to convert psi to kPa, multi- Y' Ywb - ,Tdh - "
ply by 6.895). (.'Hv) wb

Wet Bulb Temperature The following relationship was tound to be
true for dilute concentrations (Bennett and

Unsaturated air is passed over a wetted Myers 1q62):
thermometer bulb such that water evaporates from
the wetted surface causing the thermometer bulb
to cool (fig. 2). An equilibrium temperature,

I..

, |



DRY BULB TEMPERATURE ( C)

h (N ) / 2 1/3 00 20 140 o .0 6 .00 220 240 160

KC- Ne C 0 V(6

Combining Equations (15) and (16):
2/ 3

(NLe) Cm 16 21,99,

Y Ywb ------ (Tdb - Twb) (17)
(AHv ~wb----

Values of NLe and cm are functions of .
temperature and humidity (see Appendix) and
(AHV)wb can be represented by (Zimmerman and '2.
Lavine 1964):

la • 209(98 3

(]Hv)b 1094 - 0.576 Twb (18) 10

We cannot obtain an explicit relationship be- 8.

tween Y', Tdb, and Twb. Thus, Equation (17)
must be solved by trial and error. - -

6 .

Figures 3 and 4 show plots of Equations i 206(97,
(3) and (17) for the range of conditions from 4 204(% -
100 to 212 >F Twb and 200 to 500 'F Tdb. 20-(0--

200(93k

DRY BULB TEMPERATURE C) 200E76)
I0 120 140 160 180 200 220 240 260

200 250 300 350 400 450 S00

DRY BULB TEMPERATURE ('F)

Figure 4.--Psychrometric chart for high
humidity--solid horizontal lines are constant
wet bulb temperature (F/°C), dotted lines
are constant adiabatic saturation temperature.

06 _______ Comparing Y and Y'

-t- Equations (3) and (17) can be compared
-5. after some terms are redefined and certain

assumptions are made.

. -- ----- Be au e

(', Hv~s= (Hv), Hw~s(19)

_ .. or

02 0(,

--- (Hw) s = (Hwv) s - (,Hv) , (20)
150(6,

equation (3) can be rearranged to yield

200 250 I0 50 40 50 I. N Ys ('Hv) s  + (Ha)s - (Ha)T (21)
ORY BULB TEMPERATURE (F) -- -. . .- .- .- -.. .

( '.Hv) + (Hwv)T - (Hwv) S

Figure 3.--Psychrometric chart for low humidity-- Averaqe values of heat capacities in Btu'Ib J4
solid horizontal lines are constant wet bulb (0.24 for air and 0.46 for water) are sub-
temperature ('F/C), dotted lines are con- stituted into Equations (4) to (6), which after
stant adiabatic saturation temperature. integration yield:



(Hwy) s  (.Hv)3? + 0.46 (T S - 12), (4a) S

(Hwv)T 
=  

(HylV)3 2  + 0.46 (Tdb - 3 ), and (5a) . ... , ... ... ..

.0O-S -- OO

(Ha)s - (Ha)T = 0.24 (T s  - Tdb) . (6a)

Equations (4a) to (6a) can be substituted into
Equation (21) to yield:

Y - Ys (0.24 + 0.46 Y) (Tdb- Ts) . (2 ...

Equation (22) is in the same form as Equation
(17) and the two are identical for NLe 1.0
and cm = 0,24 + 0.46 Y.

Because Twb is usually measured in prac-
tical application, further concepts will be , . .

based on Y' rather than Y.

tia plctofrhrcneTs :il b....... ......... ... ..

Dew Point Temperature, T O t ,

The dew point is the temperature at which
a given sample of moist air becomes saturated Fiqure 5.--Dew point temperature as related
as it is cooled at constant pressure. Dew to wet and dry bulb temperature.
point temperatures can be evaluated by construct-
ing a horizontal line on a psychromatic chart
from a Point corresponding to the oriqinal tem- SC -

p  X Ion. (25)
perature and humidity to a point with the same 

pt

humidity on the 100 percent saturation curve Constant SC lines are thus lines of constant
(fiq. 4). The dew point also can be calculated partial water vapor pressure and are coinci-
directly by knowinq the humIIidity, dent with dew point lines.
Tdp - 9 - 459.6 (?3) Combininq Equations (24) and (25, at

d .- 11n Pwb atnospheric pressure,

where 14 7
14.70 Y' .RH SC . (?6)

wb 0.6244 + Y'Thus, the 100 percent SC line jives the qreat-

e,,t RH that can exist at each teoperatore.
A larqe difference exists between Td. and

Twb' especially at Twb below 160 F (fig. 5).
Enthal phy, H

Relative Humidity, R Steam Content, SC Fnthalpy, or heat content o' a yhIbtance,
is qenerally the dtference between the entnola

Relative humidity expressed on a percent- at some temperature and an arbitrary te'perItore
aqe basis is defined by: (32 ' in this paper). The enthal ot a h!:'1i.

RH - lu.l(o4) air stream. H, is thijs

p H (a) T  + vY (Hwv)T (22

Above 212 F at atmostpheric conditions,
RH must be less than 100 percent because at the T

most p can be 1 atmosphere aid p* must be -dh dOb
greater than 1 atmosphere. At 500 F, the maxi- H / CadT Y'[(.) WV'I . (2")
mum relative humidity is only 2.2 percent. C, ,

A useful concept called the steam content,
SC, is helpful when describinq high temperature
environments (Sturney 1952):



Substituting the values of ca and Cwv from the TEMPERATuFE

Appendix, and Y' from Equation (17), H can be
evaluated for the range of Tdb and Twb. For a ,oo o I20 130 14o 16o

constant wet bulb temperature, the change in 20 7- T- -- .

enthalpy from 200 to 500 'F dry bulb tempera- HOOP PINE & MOUNTAIN ASH (GRUMAC 1951)

tUre is small. As dry bulb temperature rises, -.. SPRUCE& BEECH (KELWERTH 19491

the increase in sensible heat of the humid air - EXTRAPOLATIONIKAUMAN 1956)
is approximately equal to the decrease in
latent heat due to a decrease in humidity.

The averaqe values of H for each wet bulb I-
temperature are within 1 percent of H values 0 12
for the ranqe of dry bulb temperatures (fig. 6). \

WE T BULB TEMPERATURE (C)

60 to o 9 99 0 5

6 Goo
* 000 ,/- -

/ 212 220 240 260 280 300

Q TEMPERATURE 'F

Figure 7.--Equilibrium moisture content values
for wood in pure superheated steam at
atmospheric pressure.

0 '®'./ maximum EMC attainable at each dry bulb tem-

600 /perature. Above 212 'F, EMC drops rapidly

Awith increasing temperature to less than 3
00 percent at 275 'F. Rosen (1978, 1979b) has

presented EMC values for wood in air-steam
mixtures (fig. 8).

WET 8UL1R TEMPERATURE I CI

so 6o 0 0 80 G 00

120 3S5 o 6 80 05 280

WET BULB TEMPERATURE ("F) 5 0 YLLOW POPLAR ROSEN 1979,

e SILVER MAPLE ROSEN 19781

Figure 6.--Enthalpy of humid air streams as a 0

funztion of wet bulb temperature (to convert A

Btu/lb to kJ/kg, multiply by 2.325). 3•

'o 79
* 09 BUL.B TEMPERATURE. 'P(FCI - 225)11

0 22~o -/

THE RELATIONSHIP OF EMC TO WET
AND DRY BULB TEMPERATURE , ,

Much of the basic data and mathematical
techniques evaluating EMC at temperatures above 0o ,o 110--- -22
212 'F were developed in the late 1940's and WET BULB TEMPERATURE 'P,

early 1950's in Germany and Australia (Kauman
1956, Kollmann 1961). Until recently, the only Firiure 8--Equilibrium moisture content of wood
EMC data available above 212 'F was for pure in air-water vapor mixtures (points ar2 based
superheated steam at atmospheric conditions on the average of 7 to 12 values).
(Hann 1965) (fig. 7). The pure superheated
steam curve (Twb = 212 'F) represents the

.. .. - - - "" " 2 ..... -_, - - -. -- .-



The charts and tables in the literature TMPERATUREI F
(Kauman 1956, Ladell 1957) relating EMC to .. . .
conditions in humid air streams above 212' F at /
atmospheric pressure are based on an extrapo- .0
lation technique (table 1). Stamm and Lough- ,/0'
borough (1935) observed from desorption iso- 0
therm data (fig. 9) that a plot of the logarithm °
of water vapor pressure against the reciprocal -

of absolute temperature (isosteres) for a num- -.

ber of different moisture contents yielded a /
straight line (fiq. 10). Extension of the , ' , /
isosteres tu temperatures above 212 J agree. 2 7 , ,'
within 1 percent moisture content of experi- " " 7 ,

mental data in pure superheated steam (fig. 7). <7

32 I F _ ' "

w24/

0D I
2 00'

20 TEMPERATURE P(°C) 77(25) /

140(40) /

122(50)
140(60)

z212(100 ~I
Figure 10--Extrapolation of vapor ;cressure

4 versus temperature for several EMC's.0
20 4 0 big differences in EMC values, especially above
20 41) 60 80 100 1380 percent relative humidity, as typified by

RELATIVEHUMIOITY() the 33,, 'F isotherms (fir. 12). Differences in
exoerimental technique and wood species Tioht

Figure 9.--Desorption isotherms at several account for the disparity.
temperatures for Sitka spruce (Stamm 1964).

To illustrate the method, find the EMC at PROBLEMS IN PRACTICAL USAGE Of
Tdb of 225 "F and Twb of 200 "F. PHYCHROMETRIC-EMC INFORMATION

RH = 60 percent (fig. 4) Accurate measurement of wet bulb tempera-
tures is more difficult at dry bulb temoeratjres

p* = 18.9 psi (fig. 1) above 212 F than below 212 'F. The desiqn of

the wet bulb thermometer and wick must be sicn
p T 18.9 x 6= 1.2, Equation (24) that the surface of the bulb remains wet and

100 adequate humid air is circulated across the

Thus, EMC = 5.8 (fig. 10). wick to ensure that all the heat of evaporation
of water from the wick is transferred as sensible

Several investigations also showed the heat to the humid air. Wet bulb sensing devices
extrapolation technique could be used to evalu- that are adequate for low temperature operations
ate EMC for pressures other than atmospheric are not necessarily adequate for hicih teliera-
above 212 'F (Czepek 1952, Kauman 1956, ture operations.
Keylwerth and Noack 1964, Krbll 1951) (fig.
11). Equilibrium moisture content data for a Many of the psychrometric charts and tables
range of pressures and temperatures above 212 in the literature assume that the adiabatic
'F are given in several adsorption isotherm saturation and wet bulb temperatures are eqal
studies (Engelhardt 1979, Noack 1959, Strickler and neglect the change in propertic of the
1968). Interpretation of EMC data at the high- physical parameters with temperature and
er temperatures is complicated by partial humidity. Thus, humidities are calculated from
thermal degradation and loss of wood mass, but relationships similar to Equation (22).
investigators have shown methods to correct Fiqures 3 and 4 clearly show a differei
for this loss. Separate investigators found between humidities evaluated at the same TS and

IS



Tabl e . -- HPiqh-temperature relative humidity and equ liri 'i strr r r te t-1. 2
(:saurnar 1956, Lade I 1957).

Ojry bulb : Wet bulb t'eFeratre, 
teperatur", F : -r  

---5 -66:160/71: 70/77 :1 24-- :l90-8-195'91:00/93:_205/96 :?1 ,

2.2/ 3 3 .3 4.2 5.3 6.9 10.2 14 .7 2(.
(32). Q4l) (51) _2 . (7_9 ._ ig1 (1 00 ._.

205 ,)6 2.'] 3.7 4.6 5.9 2.1 1" U. 1
(29) . 7).. (56J . (57).... (701 G(0) (9 1

210.' 99 2.6 3.3 4.0 5.0 5,6 10'j 14., 19.
(26) .(3.31 . 19 _ _ _72 _ (21_ _ 1 91) (1

215/102 2.a 2.9 3.5 4.5 5.7 7 . O 7 10.7 1
.. (. (66 _ J __(22 - (9

2 0 1/104 2.1 2.6 3.2 3.9 5.0 5.9 6.9 , .3 1 11 3
(2?) (27) _(1I_ ' 421 (52 __ 1619 ( 79 (94) -.

225, 107 1 9 2 2 3.4 4.3 5.] 5.8 6.6 . 7
,1, 5 .(3.) (31. .(52 (56) (67',. 164' (77

23 1 i 2.1 2.5 31 3.8 4.5 4.9 5.5 6.3 :9
,' "37) (2"). (359 .__ -)_ _ (5_) ____L5) 1 (67) ,-

.5 1- 1,5 2.3 2.7 3.4 3.9 4.3 4.7 5,:'16j 21) 3" _ . . . . .
I -- 16 66 55319 . o1 1 _Lil_-(_ 5( "61 .

22.16 1 2.1 2.5 3.1 3.5 3.? 4,2 4.

'1 (1 . _( _2_9. _ L.i 5_ 2) __ 46 (51_ __(56

25,.21 1 1,3 1.6 2.0 2.4 2.8 3.1 3.4 3.6

S(9 (16) (i20)_ 259(... _ 1_351._.i91_._43) I'> 1'"'

260/127 0 1. 1.3 1.6 2.0 2.2 2.4 2.7 ?.9 3.1
11' .(1] _ L_)79 _ _20) 26j (30) ( _ (.36) . (40) ,42'

275/135 0.7 0.9 1.1 1.4 1.7 1.9 .1 2.3
( . . ( . _ 139_ (161 920)_ (23) 925) .29) (31'. '2)

3~0',! 9 0.1 0 .2 0.3 0. 4 0.5 0.7 0.9 1.1 1.? 1.,

-- 5- --.- _'_ L U __1 3 . _ (15 17. 9 21) "'

IRelative humidi t--air-water vapor mixturos at atmospheric pressure.
2
Equilibrium moisture content for Sitka spruce.
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100 OSUSC

60 f

20
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DRY-BULB TEMPERATURE ( F)

gre11,.-Equilibrium Moisture content of wood and 100 percent stear content '14ices
a t varI ouS total res sures (Ka uma n 195 6.

Tw at Td bove 2j,- ' . Loent', : tre

aal1,sis o' this paper takes ints t6.
STRICKLER 19681 chanres in physical parameters ,.Itli

+++ - NE.AD 199 cond ins, ,everal relationships i
40 - - EXRAPOLTED Euations (13 and (16)] need to be exa-iined

more careful11 for nigh huidities. Eeca xe

there is ,inimal experimental verixicatior o'
o psvcnncvetric relationship above 212 F ,t,* e

30 ~best rtnr'atical approachi for describ'n tie
interactinn o.1 Y', Tdb' ano T010 will re 3.

C arbi trarv

The lack of' EMC data and differences in
existing EMC data above 212 -F i s a i-aj or prob-

/lem. Although the isostere extrapolations "it
well for pure superheated steamr at atmospheric

*0 - pressure, they predict high for air-steam

- - mixtures (compare values from table 1 with
those of figure 8).

0 20 .0 80 80 100

RELATIVE HUMIDITY)R'MEDTOSFO 
UUERSAC

1.A simple, economical , and accurate I'etnod

Figure 12.--Comparison of experimental and to measure humidity in air-water vapior

extrapolated isotherms at 330 -F. mixtures at temperatures above 212 -F
should be developed.

2. Experimental verification of psychrom'etric
charts above 212 F dry bulb temperature
should be uindertaken.



3. Experimental values of i', as a UCtIon Therml condut ivity, km (Btu/hr ft 01)
o f t e m p e r a t u r e a b o v e 2 1 2 h u r i d i t ,' a n d . . . .. .. . .

total pressure (es:lec i a llv at on(, at mos- The thermal conductivity of the components
onere) need to be obta i ned

kwv 0.9013 + 2.5 x 10' Tav (Weast 1966)
,POEN9IX ka 0.0132 + 2.39 x 10 -

' Tav (Bennett and
Myers 

1962)

Heat capacities of components as a func-
tion of temperature. were used to estimate the thermal conductivity

of the moisture as described by Bird et al.

C - 9.2317 + 9.01 Yx 10 T 1.2? x 10" T - 196o).
?.7i x10 T'

J.427 + 1.416 x 10
-
- T + 4.318 x LITERATURE CITEDv 10

-  
T - 8.171 x 10

-1: T'
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kt"Itj tiIl ,i I- thuMLA.u c I-ii t i prtj rc I ) I) -- I1 an t -;7, 1 r)U ,,it t r is,- i t he sw oodlin

-Iit in-.llt tii- t .1t-I I W"t-eit , l I I , I , ,n t- - ( Skiir , P t-i : iiainanda and llav idsn, 1970)i.

11~I t.t r I- 1f 11re 1st 1as ii strn as ' o 1 ri i

I- I.. ('td in tit(- nih, r .if ids Irption step,, ti,

I a- j I t it, ' i 'I ;,t itl i, h -sip , , e-x ir-s If, nit the rmigni t ide if

I -n i I i ti, m r t( it nn,-i t the id ,, r pI i ,n i therm I(and therefore in thle

T -I I '.,tt1 m \'i In it it1w-d.ii A! ranIt' I) wais Ifirs t -ep1ar t ed for wanid hi,

I I tIllitl 1, 1 . ri tcnIsen mid itCjt'V ( 1959) . ITabIe 2 , t a1 L-1

:"*I ri 1i ;1 1,1t i ii u Ii i) tin I - I' I i:i daita i P rj, iinldi ( 1
9 6

hi sIioii s tin-

I- v.tt ii , t 'I,, ii, I .it A 1)v , Iu

t( + ,r ti i a - !tim r un.w I It- I ihiI c 2 .- ~rpt ion and .Sdsi-it i n I'( 'i' ;ini(

t, ii' t 81)" -t)I CI I]) Ii ii i '1!0 11 A! l ri t i a it se v,-ri. reIa t inne i im id iture., in

. Io t t iAi It I I ni .1,'ic t l Ilw bjirnci ( iietiil :iiIIu-eia~ni en sir)u .
I I il.ri -I 'Ic ti' rC1Tjt iilni ,I t illr' -- All 1)i1;'t in1'1F C . W1-~ w 7r' Ob t,i n d in sirwle st,),

*r Wood i:1,;Ii I-, f i I (. I: -i- th i~.or in IteneraI fti ps (mu t isItcp). Fropm
i..rpit i n i , ,t.i. ,. '.-s at ia Inv idetnt itl i 'il~iid (Iiii

il- 1 !n'e-,iir-( fill - l-lit ii,n Ist I)rS tr

te.n w -,Jt from. , in,t in the' -aime tud'. I h,- Dc',a~ (In Il (11) Adscirpt inn (A)
-- in A/ it ii tIr the-,. wids , was . 78f4 + ;nu I t i t '.'; :'aIt it Lo' icIe- t e,

1U 7 . If 'U \1 Ai A 'DI

Sn'ver.l fItiri t,]tl_ T.I 'nte.r intA' thie v~iri- 4o 5 .4u7 5. (6 l).7i! . .7 1,78

aI LIon in soirpitiiin Ii ,t c'ri(- i s mea sitred 1) v 7 .) )r tIi h1 $17 P. 866

te-l ra titi .sirsm- )i th-st' !;intor. airte 6I 9.11t 8 .i0) II 8 1' L4 0 t . 84,8

1 tiiiiplet it tai1 nmen t oat t ii> equli I ibritim, ; ) 10. 514 () I q 1 o.82 I (I. 4t ) -I .1

i{'rediatc pas;t (tistirv ,ut i as- thle number of 80 (49 1 3. 60i I 8t 6 (4.1 )Q '

il irpiin ;steps and piissi11)ilv e.vc.n t he t i m at

ui.'( step, teIi1)rprrtiire., nhvi.-l-:i mjil IMean A/fl rat ao i j- ni t tc-

Ii fI tervnn's ii t hee, I I %,allI , t 1t-lir es cIne 4it

varT ions ux t rrtitivvi, ,t ____________________________

lncopIincl'.t e 3at ta i nme.n t t L-11 ei Ii it)r ium.

ei thier i n ids',,rp t iiin iir idesorpt tiilt w'uIIf tell(!

toi incrva se t it' AU rt-i . F iit I T m4 idap t.d dti rt L'I !CI C( t i ( t )t-i on t he 01)l rati ,'.

'5j %1t t 'il Il 'f It Ir Ii tI -ii--- t te t Here aire shiawn t hie desoirp t ion I 's ' a I ,ii I -it ed

.1 t st-viral I \VA Iie'' i )t IfI. t!, t lit' r w it 1 t he
Ii n 2,ie- t ep anii malIt i ,t'(i adiirp t intn lMll' s at

\ D ES. t IeC -iIi timl. idI it i uPs. 111C Litt t A ftOr t Ie CS in t I e-
s st el idr.srptI iro wi)s ib t in-Ui d!) cq it qi I ibhrat i ni

asTli(.ti canil !,imidIitv i t ter f irst dirving

M i I in in weun at 10i -I+ 2 (,. Tilt iiat-i ti-i tihe
9it I -- - - - -iit iSt ell adsarlit inW wIt-C 'i itied biv expoii (1w

EQUILIBRIUM, I'iii samisN1( III ini'-r-asingl'J iigh- (1Iitiit i'-

miter -qtiil ibritin, at the' prenlirns Iiimiiitv

,n t inn.l

ADS. A,~ lab0,' 2 inrii CAt Cs, t he FN1( was w.i'n

1,ii gher fIor thle s inTle - It 'll t (ian Itr th leimimI t 1 -

________________________________________________ step ;isiirp t i n . I lie rut t o b- .te A/fl rat in

TIMEwhelrm' D is fi'de siitpt mu valin' 'blaineil uni-
T IME (lii miii t istt'( ul'.sorpi ion, wais alwaiss higher fur

I iu ,fl- ilt-iiii- ii (''iljIb lii (in- - ( mt-in1 () 0.848 ) than taor theit mv1i -
ally, it Ii to ridsorpt !in anil esurp! iiin ;te ad ofpt io (m.1 0 .80i7
('((ilI ibirim, with in(-ri~-sintt' t imi' (.iiaptcdi

I rim Mrtin inu liar I I '(2. Siirpit Iion (ntrjsin wood iduireases wi th
inlaiig tempo'ratiire mucuoruding, to lW'tii-(irt



1961) , and d isappears it tempr.itires hvetweeni iicr I,,r Iot t Ili 0,hi 1, it, tii . ,I Ii !,'I(

75 ind 100" C tor Furopeirt Tpru, ~-. lia t ,1 1,, dc-rpt ion thii h, -r til. I",r Ii. i-t I~

i n t haItItivst v res i s inI A riic, -ir ja k I i nk jI 1 ,I h, wod t if I k i I \ . ( hIl!.I, I i

Atsr aI ia dec rei sd i n riiin i t id, in) Ii I ,I, it 1"i I . I v Ire f,,h , Ih Iiw t I ira , ., I IIItIi

2 to l
5  

!), K. i Ita, ,I t e It , -it I, - ! Wet t I111! 1 , Iii r: t it
Ind i ptin I't - rh tto i r' Fin imk!

The comp -t . adsrpt Ii 1o11 (eL-1 Int in I' ll y1 0 I I'>

1 so t I, rms , t ha t i - t It,, -se hr It i n-I i rw Iv' I-. t I

d rvne-,s anld tea.ir .i t or i t oii, II. C~ v1 -- t 1. 20 VI 'r I- 'A20

t he re -i t -:, 11 lit i . rip ti rt (I (4h, i-

tah tirii I r -it ' 1nt 'It s" 1pt t Ii -tr-!--.tV .

In t ext ilem rvt c ril. .in t l IIIIt- It t hat I.-. I'
isoterms 1 rrricd k-rs- iA 1,-r hililit- r m,,-'. 10 . des. (IOI
tend to faI I hitwin1 Iuir ,mph-re It a-I-.K ds.
I n lotilr wi)rds. yiltc itig I rom I r(lllart 1 11,16) ,
the t wo ( id sorp)t iin ind If - so I-;t I n ) I irve> V 6t
It t I rm it o -;u i Ii (h- I ki I us hult I,.I i AI (cal/gi

on, itrs w Ith1 th11i - M Ita vieW;onit .- i4Ir dsCOTTO'

2
200 4 m " 8 12 16

is tor inlki I -Tpgress Ini T-i it tO iaIn

i~ nit iii msistlrt- ttent \I tor 1ht(i id-r-
131-t ionind m de.rpt i in equni I ri t ionI- is

-o - K- tF tryI. 1cIi' - ii.w76)i-htri

5 1 1,ns tantts , I d m iI , th (n it ii ;IIsO 1 'd 7"1i ,t IrI-

H 0/)con t ent (g/g

0 Thte h ea t of we tt i m t IateresI I-;IiL
0 20 4 0 60 80 100 described above cain be -iccOlnt"'i IOr !'% tOW

greater num.Tber of avai lahle sorlt ion si tie
(or surface area as viewed I,% Argteiv u hmtiis

Figure- 5. 11 lns tr~it ion 0t ittrmr-dte in the wood during desorp71t iOn. lhw- is iii-
livste res is 1loop Iia tidtrom 1 rquiirt,196)) tile 1, at of wet ting is genorate1 d ;ii.r i: l v

thle strong interaction of w.-ter wi th tli iij

iIl~ustrates an inte-rmediate lilvteresis loop able primary solrptionE Sills. f1LA~k' trt. i

ot the type 4ivin I,'V Urquhlirt (19I ) these unoccupied ait a given mCli stire, -nt int
during desorpt ion, 1)lSel on i-itilor tiL(i w -

Differetices ir tile ph-liilI--emicl Illrrohin (1946) or- till lent ( Iit7T 7 1 h-1I hi

ionst itit ionl f tile wod, mncInd,]ing, extl - is hecauise tile totil ollmber ol lVi 1.uIM

aictives, prohrblv i-c-(innt or the va-it ion sorption sites, inllicltlil 1I\ tit, mtionitll it

in the A/It ratiol among different wools. FO r m , is ippreciohlv liiller for li-so'rptionl.

example v, the data as reported ithive for S )1 1It IOeVeL'r, thi niittihr (It Sitt- S1'I.tl II, I I I

( 195 8 ), 0 klolI (911)7 6) e.tc, . ,p1 rIh; IhlII re f I ,s,-t propiortional to m I s i) to t giTt-ci t I V dii cIIrT nt
these differences. '1120rdiii tol stiinl F ll, f or allsorpti illn .1n~deol n patk iIllirie It

th-o mean A/It rat io is (Ii (Tiler for wood pitl p ind I owelr moIlistlute Illtenlit I,. 'I iI-ret (reC, t hL If i tt CI-

110101(1lllose (0.86) than tor Igriss wlll,,l W.92). 1nICL< (II - T11 ) It ;in\ giVCtt tot.1l TIIiit-t

The rat io for l ignin is lower, ivl-ragns, ;iholit illntenit .7l 15 gri--iter for des'otpt ion thil! tor

0.78 (Tihle 1). Ri-generated IdI l~lte i so :ilsllflt ilon. ( otteillllt I v, the. ilcit i 11I lltcdS

gives lower values, 0(. 78 inl (). 77 for dil e. ilring we,, It Ig i s g~ri-iir ft, de slit ion -it) o

and (liprammonillm rivin. respit fvI v. thit hoIllildi he primiri I\ -l F lunt ill ot
(m -m

fhysteresis las ;iIs' (olien liltiinst ritel itt
the beat of wetting wood. Argue iod milass
01)35) reported that tihe heait Ill welt ing wi-



Ikgv Kstul( rl10; WihhTFRl si; l~t ft th" relaitive homidite vseel

Ca IilI 'i r t lic na (' ioit ive orrel Iat i n. Chen ind vaing~iard

inte-rpreted this to Eiport thee cntai t angle,

rhe, rv of /5 i gmndv for iotpIa Ifning -rpt ion

S,--,rA tlo. rics have heen rto p-.' 1,r hes lr~a ia hsed onl the Ce',in e'oat i ., d t

>Of. otpt ion liter-sis Ili, ,.oI ivr le ast a t h i gh lidmiElit ies. Their reasoning, wa,

thiaW'I'. 'vised on th" a-umpt in tliat h oni tot, relaitionship given be te Xelvin

pitnsrpin psrift!,ri lv 'I)% -qrMlate rniti'n hetween relative vapor presmsure,

t orce withliin thie t in,; iotrst ices in tte w,,od, apillarv raidius and cont , -a ngle. Z'hee- alaI

cell Iwall I. One o!tfw- hese ,,r i el, a t tr i buted ci1tecd othmr analvcaes ot their data whi hi te-ndced

a;, .ol loan imdi "t (19h to .stiwesnd; l 111 I to lqenot th, apil l;irv contact angle thEreV

postuLIit -I thIa:it I'; tenr-ai waj-'sd prrIori Iv ,f orptilhtei.

by ~ ~ ~ ~ k tho y ,n~tic'f Walter Within

tesoe fii ill A capo,(ioln aduigas'p

Chen and Wau,!cIard (1'4681 ceocciden

w hich) appears; to Support the theory of

the\ ieaisure-d the, wo t'. r Evt tabil it, hes-ters is H-hiyst.

rai Of the cosines. of tho advaincing and *

dis solved lwhich thev -al led polvymolecular) 0.4 0

waerase th derption eilierumdt huIdit iuo8 lo frltvumdt errs

Hfor the samel amount of dissolved water (l-hhsteresis) and wttabilit\ hysteresis

(4 igu re 7 ). The, ratio ln(lDO/90!ln(lPO/ll) (W-hvsteresis)(adapted from Chien and

WSdesig nated 31; the relative humiditv \4angaard, 1968).

htenesl 5.
The capillarv contact angle theory mav he

useful inepann opinhysteresis ait

high hmdtebtnoatlwhumidities, as

4arkas (14)pit u.Capillaries of the

type cosdrdb h evnetquation cannot

l~Coccur at low humidities, since calculated

capilI lare radi i approach the Order of magnitilde

of molecular dimensionsi. In this case, class-

- -- -ical surface film properties such as surface

I tension no longer apply.

12 Mcgain,according to Barkas (1945), proposed
the 'ink bottle" theory, also based on the
conrcept of capillary condensation within the

Icell waills. Ac-cording to this theorv, capil -

lanies are not of even taper, but contain

H/0I constrictions. lturln,, adsorption the capil-

81 1 laries will gradually fill from the smaller

75 80 NH8S 90 95to the larger spaceS. tlowevcr, during desorp-

tion some Of the water in the larger spaces

hetween the narrower "hot tlvcecks'' will tend

to he trapped at lower vapor pressures, in

Figure 7. lMagram illustrating the method for equilbrium with these lower vaipor pressures.

c-alculating the rel at ive humid it hvsteresis Thiis wool d tend to he a) state of unstable

(adapted from Chben and Wengaa rd , 1968) . equilibrium becausegi of the high) tension in the

water . Both the ZsIpmondiv and Mci~in theories

maeI expl ain some of the hysteresis at high

humidit lea hilt certainle not at lower Valuies.



The mvclian isni oit ,,irp1t in,)I h-teresis m,t 1, J ,-r MolIe I "I!1t , 1 ti -. r;,t I -ni st-
g ene ra IIv hiel I( LVrquiirt, I I)W ' :;timm, lI 96-.i I- ow:,Ir-C rt, -tit " r p t ion 1 I,-i ii li-, 1nt II I
we will designa~te as tile sorptioin site itiii- whlitb I, :I r~I'di itiii I tn-hI' M lr- -it It!-
abi I Ii tv thn-orv I t is bI e n'I IIl thl'-- ruth t iln tI,, -tir- %,I Ii ut r :i is J , tlt.e Hi
i n tile ava 1t I it I i tI, , vdlhi v olt:v I sorli i- 1+ 1- lii !'-I! CI . H, %uet r h T - Cit-nt V I'(i- I
on wooid witi i s ilb,-rin l m asttr-, I! ti-r :!,, i it ,rprot-; ,,I tI -ut Ir, I .-n t t

having, biteen tiried. hlI-Se hIvdt-OX-I 4 otI ps , II -Orri.spod injl tvIITj le I- C -v- -vr

belIi -vei t o he t ll, I ri dr . , t ,io Ii i1 1,1t ,I I I thIuW I , i t I It i - t I-sI r. t ilr t ItI
nete -sail the ok, orpii ion sit- or) t h- hinl t ion.
it taL ItMCet 01 Waiter lu -co- 1 inl tin- Al 1-t i 11
rv ions oI t it It e I I w I I Clit-n andl tincitn (Itt -I 4A tIIII ,Ilite~l

In grOeen Or water SWO1lhn Wood,1. Oldill. .ilsrpt ion to lhitt lin ts rpt i n ott -r the
to this ti ut-it t~t'trl, I h!) , thle la-Irox-I liridit v ra ,inot I rO!'! -m) no 'Wi , i t inc til-
4 rou)Ip s a re VJt toI-bed ( to )wa teLr moletI I I5 lcrlu- HtA i I wood- Ior ob in mod,. I or11i, I , It,
the wood dries somie )I tle- huiroxvI tiips to[ wi -ill1 the% llt

0  
itl ;1 1 Itv t 1-il ;,II t tO

t reed f rom t I e a t t ,-bed watt er mo I e-ie a, nd this ratio utu'illSt ti II)Wet t nI I i tv% -Vt-ru-s
mutuILalyI bond Wiit A at Ot ter 11 thee 1 drI W rfirim. and] calu.tr~d t hO lint irruisn
closer clue to shirinkagte. gbt-en water isIi cr% C-. I It-re wa s as iiif -ltt reu- I tI inshit ,
rega ined otr utdsorbed , some, t tie t id r ux I bit t It ts neu11 Cti VC>, ilditilt in- t1- lti-so1't--ti-
groups are no ingeresiy.tiltt-tbid i-ol tt tttiIir -pp-rtoh n-Iu.

with water moltItl, Ies. 'Ilii., re-sits Iti n I ,ss ritdto thie Lxtunt of li-druit ion of tu I L' u!'d.

adsorption of waiter at a) CiVel hitMidity Cot- Flie ulthOors gae- no -xplanution lor ti
pared wi th the initial desorpt ion. ippirent utnomut I OXcIIt to jititit nit thot tl-

Itvsteresis in witer ol hi-drit ion m-rmono-
As humijdt increases still further, and m~oleculacr Water Was onl\ a smatll port ion of

additional water is taken tip, the swellIing tile totat I besterIS is. Nevert lieless1 * m-nu

pressures tend to break somie of tile lieurosy I- wouilId eXpect thlat evn mt I 1 in ro1 in
bed roxvl bonds, freeing some but not all of ic-ossible intertial suirfatce AreA WOUld 01"-ul
thle original! y water-ibonled lis-drss grup, lip) microc;upi I aries llr sorption of idli ti-nil1
or sorption sites. These are then available ituitoer in sinco edi n I Avers lin ;iprointi-itt
til be rebydrated or to adsorb water moloctul es. proport iotn to the inc-rucised ac, ,sil iIti

Du ,n subseqen or seconilarv desorptiiin thie
EMC is; theref ore higher than for adsorpition. Tlieriolnii vIstu-res ih or-
Howeve r, it is generallyv lower thtan during
initial tdesorptitin from the green conditioin, Tile CXp)1lant ionls I or hemtrI I ilT
particulari ly at higher humidities, presitmabis iioVC aire Mo-iut nist Ic. tlmuit j,- III i -ttiitu-

becattse some of thle bonds whticlh ftirmed between )ine o r More sh~einec I I 1 iO la i is I I i

bvdroxvl grtoups during initial tdesorption are II9-4q, I19t5l has priopotsed -I 7---to - .-i ii t -rv-

not broken. Thu, process repeats itself during based onl t liurMiiVIim a7iss cons iiirait ion- in] ,
subsequent eve! ing of the relative huLmidity, It does not pro

0
P

0
e Si- C i spo il MIt hintili- I '

forming a more or less repetitive hysteresis hyste res1is anjd t iertm 1 ti 01M e lIt TIspit i VI I it
loop (Figutre I. tliimSt- molnt linled r-el tis I %

There is evidence to support the access- Barkas points ult tha't wuoId and11 it her
ible sorption site theory for hysteresis, in lbegrost-opic gels exhibiit plast ic or inelastic-
that the value for the maximum amoutnt of water behavior when tubjeC ted to ticoIlianit otl stresses.

m hield in hydrated form (Hailwood and This beha-vior resuIt ts in the futti I icir
Horrobin (194'6) solution model) or in the lixsteresis1 10iup in tl Itres IC.s-t ra inl1 LI i .V
monolayer (Dent (1977) mtodified Bi.-T model, if Woioid ilt

1 
other ItlI'M;1iltl Of I I", il

is cons iderab lv less for adsoirpt ion titan fo r matert c I. IIs .
desorpt ion. Fur example, dlata given in
Table I of Spalt 11958) in 16 different witits la rkas

t  
J slutnui t i I-n o1 spt ii hv- t it,

to which hie applied the llailwtotl-Hltrrohin is ho-cod 'in -Ill -stuiili mt If hl -u -t I
model shows that the mean ratio of the maximum exp I;ti n Iit,, theo, -ffi t t -Itn- -- n ti!- s-I,,-!,

water of hydrat ion m (g/g) in adsoirptiotn i sothlerms if ts lri- opt, co I-Io iI w-ol
compared to uh-ttrption i s 1. 726 + 1. 071 . which-lu lii- d us-II It -t " r1:1 I i- I i . Ii-mIr -

In other words, tin the average, unIv 
7
2.6 shomws a ltslititiIl trlts-lirlmicm1t77 liii' i!1

percent as man%- sorptioin site.n are hvdtratel Ior wit fu..I r tin- rt-s-,ril,-, , Ilust I, tInII ,,
duiring ad sorpt ion ais dutr ing destorpt in. Meit pri pCI be Ba ri .
maximum water tof ltvdratimn molg/g) was



Following Birkas, we will consider two
:SS In the f i rat case the wood i s assumed

t h e e r fecLtIy elastlic with nT) la t flOW
when a - tre sa i s appl ied , uIt I lt

NFiguire ".In thle secolnd caseq the Wood W ill
Nexhibit rheo loi, t I proe rt ies , i, i t in facit

do 6ci die t res tit, in ri rrevers;ible pl t i

P9 P,

NN

M. H, Ma H H1N

1 icr n -:stic iiliritiiillil strvss 9

i hon lnt,C:1 till th< listil, jilrf-ctls
lk111 ible- 1,S-~ tilin:ted tori Blrkis, l~O

:1 hlLi t1' ill itir. it e tlih- pr ino ilI K Me. M 1H
n.vb.itk,P il-is, tiW "I arn 1 W0011i

i-ien ;)irtiil I ri-s t r.ained trim Iing X -

ii ic IT,,di me ip on i .i er cI-st i sr in4 F igiire I I D~iagram showi ng tinid i rec t ionalI

iicn ini litiCe I . In <tbC i x ine teprsrestesPx against displacement x for woodl

,Ir in ;iiw ren 111111 it rossIM I' intdur ing mo is ture sorpt ion for the inelast ic

i)%-theChI C ll tle ase (adapted from Barkas, 194i
9

).

psi-. I - 1 l lciitX Of lnie1 it tin.

11111e- n i jleninlI 11iinoesC~ In Other
lut nsirc not i-i- l.In the first, reversible case, shown in

Figure 1). thle Wood is perfect lv elastic. it
is Initinal at a moisture content MI, at

ortoli Iibrium with a relative humidityv Ill under

lie initiail st ress Po exerted by- the elastic
srn. If the humidity increases trI r ot to

II, the wood will adsorb moisture and ,;well
.aanst the sprintg until some new equilibruim

o)lnt is reClueod at stress Il and moi sture

ontent MI1. Thus, it will move from point
tI ri'point If on the dia-gram. The actual

rmaglnitude Of >11 isin-e)Vrsely related to the

increase in st ross I - P, If thle humid itv
II is now decreased back to the initial value

Ho. MI will decrease, to Mo and P1 to Po, thus
retuirning exactly to the starting point 0l.

It should he noted that the actual location
of pint B, and therefore, the values of P1

aM ,1 depend on tile st if fess of the res train-
in pring s1101.1 in Figure I1I. If this, spring

In.. es more qsti f t, the equilI ibrjum point Bi

T moves; toward the point F: wi th a greater
i mpressive stress PI and reducedi moi sture
oet (1 11t . Tbe econverse is true if the spring

I ililr M. cheaticdiagam howig wodti weaker or loss stiff. However , for tile

s;imple swell ing and shrinking against a eribprftI cai aste
vei i1ibr iurn point v.1 urns to (I when 11 Is

I ineir spring. reduced to H, , ruf'ardless of thle locationi of

If along the vine Ill.
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.i .sl ii .imp-,ii, Fores.t I ridu is 1, lnl(gs0 U.st troduits abiritov Fres

U. ., Agiit;YRlur,

S'r i wel I-nown ti-arie-s are di- us'-.d in d,-t ci ant]
tete with vxperirieil it~i.

I NI RO 11C~ M)N sARLNATURE riP SokIiRPo N

Dozens of tlieories Iiive been derived tor ifcirle and Peters (19UhlI cind S 14i72
soUrp tion Ut gases on sol id.,, man- oi whichi Lcci icOO rivii.-wec scrplion from tmi.a

bei applied t t!,isrpiiin ,I wir-l vapor h%- tiino SO it will nat 111 pr1'Si'0 tillr
wod. ,7iv i -iort 1e-11 1iXP1AIL-d, ini or - belniae LL be hdit
Wai.-t sUC1s II' bi a iljeved. .s inx iT) li-.lroxv 1 grops ct tile ce Ilu ii , and-

sorptie:i ticeori-, r'> us, ind is. w.i,, tl- -c l sic ',,-.r nis tf wood. all~t~r-

,cl r.iis i . (-ll11US A-'-'h~ -rouips ire i( -sib to water MO L a L

use i ibou* i:% ilo d,-luits ro eu , !orr :ip.'r ; Oi:i i
attempts t nwr-m Utti Litst ru ;,ns i l . r ih, l--di- -ri

l pj ;,ipear revie., tii :i itiir t it -rpt i-icit

atnd how water i, lid in w-d, so1rpt iLon iS,-
Lierms, and *h-ronmc "iu 551 rption, and

how it all t oi t sortpti cihcorv. A -- c - .

de sc r iptLi , m ,t tille 'jIt i eS iS pra'sIllt I'd ,
arid fitial l% some tests it the Iile rias dittl- i Utiitv 5 t ln

iped. Tis siiiu 1d :,ad u s ,tile painit where 1%li iL-cn! it ed ! r v i 4tls1;
we :an answer S 00 clues' ion on tile usectu11IiesS -es ,, mt 11c. !. Th" 1 . , ' ISiO-'c.17o is

of sorptien the-)ries. h.iar.1 t- LIist ii a't srip itu-' w'. ,'-LI
%'aipe r 'ti ' i ;' M Is 1 ricil ' i 11"1s1L

Our p resent theoretical unde rstanding dies ")I ; J. 'pe- 2 sorpit io-n is iar * ic

nat allaw Lis ri est imate the variations of -r;,t ian wlcer' MI-Ire haI)-In01'IIr0
eiquilibrium moisture content withi relative is torri-h al :he solid *ind wh i- he lr-t
henmidi ty and temperature from first principles. oif cttrat i-i be-wer-n thle vato and
At this point mnathiematicat models, or so rption large. tlii exhbit this t%- I " -upt c-i'
theories, *have been developed. hFraot the tiist Vvp. i sor pt ion is iiila r to type itp
opt imis tic standpoint- tile desc ribe the media- t hit ithe tfore'LS bet ween tlie Vapor ill iii i
nism of how water is hield in wood. From the ire relIct lvii I sml. FI) "4 :1 i-ii L ;I' 1-
must pessimistic standpoint tiley' mereI% lvrroviih te r i? '111 tieCia wl(In- thle UltiU' it ItI!
ain equation that , thirough curve fit ting of
data, furnisheis a means iif correlating atid
interpolating data. I'rabab Iv thle truth lies
somewhere between, and tlie thleii ies realI lv d,,i
give us a glimpse ot the mecian ism it sorpt ion. -/

Peeted cit 'vmpos iuim on Woid Moistuire

Con ten t- rempe ro t rc cand liumi di t-v Re liit ion Iiih i s
hieLd at Virginici lolvtei-liC Ilistit Mie,
Blacksburg, O1ct. 29, 1979. Iiir -~is opiniseilirms.



20f1

,/ i, tie di ar 1 i i it or o tdS rtpt i-n. I ,l ,

h, 4 -n~ ddti -11 iir r"- -i"d , ab vh h
L/ / it-i ' -I vapo riz-it i it water, W!-TI wat r ,

F-I' /s 1/ ad ',-d bv w o .it ad, dl , th , tdd ii

; Vr v , vt. t i ', l 1. r SI - iza' ici I,
1 r-5l iUr t ,v.- rat Wit w n. t .,

tii,-rt. .r- 1w :n .tid ,1 deter r i n ,

21- 2S ka ar , 1972). )n lt- iU I nV'I vt-s Vt- n -t ,
t1 1 lausius-('Iape'r'o i~iurat ,on and thu

5-- 1" // t i-mperaturc dt-p-ndcttt th,
/hwrlt "f wood. Fh,- -toir m, j, ,A
.. a-,surL -,n t o th !, at g:Iven ,, i durin t'l,

id isorptio i ,I wat, r wood. 1his readi1y
1~~~~ :-a<sturk d qaa ,it vt, is hr/e ti it:r, 1 n, v0 25 50 75 i(

REL TIVE H - tA PC' Wc tt i:Ig I wi ,d) and is r ,at -d t

M 148 153

iiur, 2 . --~ -.r. r t ,np , r,, , n i,.-
sorpt ion isth erm of wood.

adsorption is limited by capl iirv condensa-
tion in rigid capillaries. where :: is r,i-rurv -n'n r -wd,

Sorption isotherms are gentraily A:other r,.lationshiprrtriev trt

timlproturo dependent. As te lpvritur- lh, rmodviaii, ,, adsor, in ard s i t r 1a'-s

increases, tht amount ,f vapor ads, rbed at any to sorption thcrics is to-, 1 ibbs-H ,t
given vapor pressure decreases (tie. 2). eqiat ion. This quat ion r at!s . temper -

Diftoronces of up to 5 percent. moisture ture dept-idl f t - t-qui ibrium
content exist it -qua) relative holmidities of a theii,il r-c t' t oC ' i v t' . i

betwee-ll diflrLent temperatures. 900,-

ihermodvi-aiTi s f Sorptin

Piwe adsorption of water h% wood is an
exotiermic process. Most sorption theorit-s 600

are derived in such a way that >ner ;ies ol

adsorption are an integral part of the thorv. S
[he principal thermodvnamic quantity of inter- L,z
est for this purpose is the differential heat wz

of adsorption, whi,l is disLussed in detail in o

Hearle and Peters (1960)), StanM 19h4), and r- 300 0

Skaar (1972). c
0
v,

The energies of adsorption (cal/g water) 0

of water on wood involve (fig. 3): lhe energy

reloased when water is adsorbed by the cell
wall of wood (or the energy required to evap- 4 8 16 24 32
orate water from the cell wall of wood) is MOISTURE CONTENT (PCT)
termed Qv; the energv released wlen wier M 148 154

vapor condenses to water (or the entrgy lLgure 3. -- hnerties of adsorption of water
required to evaporate water from the liquid by wood.

state) is termed Q') whih is th heat ot QV = Eneryv of evaporate water from celI

vaporization of water. HL- ditihrenc -btwo- wall.

en these two quantit i-s Q = Iteat of vaporizat ion of water.

, Differential heat of adsorption.



the reaction. A number of the sorption application ot t h theory I o limited value.
theories contain parameters that are cither Ii the BET theory, gas mole :ule j arc built up
considered equilibrium constants in tile model on the solid -utface in lavers on orption
or are analogous to one. The equation can sites. the derivaLtion 'an c'onsid,,r anv nity vr
be written: of lavers, and .(r the gevnvral c'a - the final

equation is:

d in K -,H
d (L/T) = R ( . 1 -in + I + ,n + 1n - _ n h - ( 2 )

S- C I + (C - I)h - +S
where K is the equilibrium constant, l is
temperature in 'K, H is the heat of reaction,
and R is the gas constant. The equilibrium and for t!e cae ,1 f a mono'LAver ol water vallor
constant can be plotted against the reciprocal (n 1)
of temperature and the heat of reaction
,alculated from tile slope of the curve. In W C0
an exothermic reaction, such as te adsorp-7+

tion of water by wood, K should decrease with
an increase in temperature.

where

SORPTION MODELS m = fractional moisture contt.
1) = relative vapor pressure

Many theoretical sorption models have been W = moisture content when nonolavcr i
offered as explanations for the adsorption m full
phenomena observed in many polymers. The n = number of lavers of molecule, on a
approach here will be to describe only a few, sorption site
and to do so in more detail than would be pos- C = constant related to the energy o,

sible if many models were covered. The two adsorption

main criteria for choosing models for descrip-
tion were the extent to which the model can be Equations (2) and (3) allow us to calcu-
tested, and how well it is known and how late and examine the complete isotherm once
widely it is used. Venkateswaran (1970) has the parameters Wi, C, and r, are known, and to
listed the equations of a number of these visualize how the model predicts the way that
sorption models. lifearle and Peters (1960)), water is held in wood. Figure 4 show-, how
Skaar (1972), and Simpson (1973) have also
discussed several models.

There are several general categories of 0
sorption theories. In one category, a few 2c, 0 WOODHANDBOOK CATA

theories or modifications to theories attrib-
ute some portion of sorption to condensation
of bulk liquid in capillaries as a result of

the lowering of equilibrium vapor pressure
over these small capillaries. Another group

of theories considers sorption to occur as a
result of the buildup of water molecules in L o

1 /0
layers on the adsorbent. A monolayer is TOTAL WATER o
laid down first, and then in some systems NABT 0

MODEL-- -BET MUtrvAYER

multiple layers are built on it. A third ( ,TLAYERS)

category of sorption theories considers the
polymer-water system to be a solution.

4 BET MONOLAYER

Brunauer, Emmett, and Teller (BET) Theory I -

0 25 50 75 100

The BET theory (1938) is one of the best RELATiVE HUMOTV(DYPCT)

known and most widely used sorption theories.
Its greatest use is probably in estimating M 148 155

surface area from tile adsorption of Eases on Figure '.--Brunauer, Emmett, and Teller sorption
solids where the gas does not swell the solid. theory fitted with sorption data at 41' (C
Since the wood-water system does swell, this from Wood Handbook (1)74).

# " - s



water is partitioned in wood according to the
BET model. Equation (3) predicts the moisture
content from the first layer of molecules 20 WOOD HANOBOOK DATA
adsorbed on the sorption sites. This sorp-

tion rises rapidly with relative vapor pres-
sure at first, but soon levels off at 4 to
5 (Wm) percent moisture content. Before

monomolecular sorption is complete, the second, WATER

third, etc., layers begin to form, and at 1z
high relative vapor pressures most of the

otAl sorption is in the multilaver form. The 0

number of layers of molecules on the sorption

sites of wood turns out to be in the range of -BET MULTILAYER

5 to 10, according to the model. 0 TM-

BET Model with Capillary Condensation w

0 25 50 75 100

A number of modifications have been made ELATTV HUMIDITY (PCT)

to the BET theory. One possibility is to

add a term to account for capillary condensa- M 148 157

tion. Water vapor will condense in small

capillaries according to the Kelvin equation: Figure 6--Sorption model consisting of BET

model and capillary condensation. Fitted

with , rption data at 40' C from Wood

r 2n/ M (4) HandbooK (1974).RT in(i/1h)

Equation (4) predicts that the relative vapor

where pressure at which capillary condensation occurs

decreases with decreasing capillary radius--

r radius of capillary small capillaries fill more readily than large

S = surface tension of liquid capillaries (fig. 5). Using equation (4) as

M = molecular weight of the liquid a basis, a model for capillary condensed water

density of the liquid can be derived (Simpson, 1973). If all capil-
7 laries that contain water are assumed cvlindrical

1 c1 . with volume v and length d, then

mole )K

I temperature ('K)

I, relative vapor pressure 2 SM
r =\. d (5)

,-5.10 6CM.

0.5,0o. The water in these capillaries is thus the
085 portion of total moisture content, Mc, attrib-

6 -- utable to capillary condensation. Thus,
0.6 2 1

a 2o / M V -Td 2 M 2
0 M T (6)

0.4, o'o.1

where W is the dry weight of wood.
s0.2

If the assumption is made that capillary

condensation is a separate sorption mechanism

0 20 40 60 so loo that operates in addition to mono- and multi-
rEMPERATURE Mt laver sorption, then total sorption can be

M 48 ~ modeled as an additive combination of the BET

Figure -- Dependence of temperature and model (eq. (2)) and the capillary condensation

ciry ra--epdu o teeatve var model (eq. (6)). The components of this model
capillary radius on the relative vapor are shown in figure 6. The monolaver compon-
pressure at which capillary condensa- ent is much the same as the BET model alone

tion occurs.



(fig. 4), but the multilayer component is
reduced at high relative vapor pressures i K

because the model now allows for cap illarv i(I

water, which becomes significant at relative 8 = 1 i I 1
vapor pressure above about 0.7. M 1 - (h)n

I + Kh 1 K K 2 . K.

The inclusion of capillary condensation 1= 1
adds another parameter, d/W, to the model that
has some physical significance. It is the
total length of capillaries (equivalent to ;.lere
cylindrical capillaries) per unit weigIt of
wood. The value of d/W for wood is in fhe m = fractional moisture content

order of 10 centimeters per gram (cm/g), h = relative vapor pressure

indicating a considerable network of fine M = molecular weight of polvmier unit

capillaries wiere water can condense. that forms a hdrate
K = equilibrium constant hetwuen di_ olved

A further indication of the intimacy with water and surrounding water vapor

v4iich water permeates tie fine structure of K], 2 . . . K. = equilibria constant
wood comes from the term W in the BET equation. between dissolved water andm

The W is the moisture content that corresponds hydrates.
m

to complete filling of the monolayer, and has For the case of one hydrate, the model is
been used to estimate surface area. Stamm

(1964) has described this analysis for swelling
systeums . The effective contact area A can be l8(-- + I K

calculated from: M = m - +
P

A 
= 

aNW /M (7)
For two hydrates

Wh ere

a = area of a water molecule -8 1 K 1 12 + 2K I k (

N = Avogadro's number (6.02 x 1027 P 1 + K (Ii + K K
M = molecular weigit of water

The value of A for wood ts in the order of
200 square meters per gram, again indicatinK
that there must be an enormous contact area
between water and wood.

2C
0 WCOui =ANPBCC' DA'A

Hailwood and Horrobin (11H) [leor

Hailwood and Horrobin (1946) developed

a sorption theory that considers a polymer-
water system to be a solution. Water adsorbed 12 7TOAL ,

by a polymer s assumed to exist in two states: WA tP

Water in solution with the polymer (dLssolved 2/
water) and water combined with units of the 8,

polymer to form hydrates . Ilhe theorv is based
on the equilibria between polymer, hydrated
polymer, and the lssolved water. liere are ' -o - - w

two types of equilibria: One between the W T

dissolved water and the water vapor of the
surroundings , and any number of equilibria 0 25 C 75 10

between the hydrated vater and dissolved RL 'V HU1PAJYPCT

water. The general torm of the model can be
written: M 48 158

Figure 7.--Hailw,,ud and Iorrobin orpt ion
modu le ( byn hvdratc) fitted with , rt ion
data at 40f (C rem Sood HIlanHok ('

4.,



Mie sorption i-sotL.eruta from the one- and
two-tidrate modeLs are shiown in fiigures 7 and o090
S. lhe model is verv similar to the BET model
in the partitioning of water. The hydrated

water of the Fill model is comparable to the 0.00
monolayer of the BET theory (W of BET compar-

" i -KING

able to hydrated water component at h = )K

and the dissolved water of the H1 model is o

comparable to the multi layer water of the BET
model (compare figs. 4 and 7). The values of

of the BET models and the amount of hydrated HHo HY

water at h = I in the fI{ models are shown in

figure 9 as a function of temperature for oo05

wood sorption data of the Wood Handbook (USDA,

1974). All of the models predict similar

amounts of this water that is intimately 0.040- H.
ONE HYDRATE -

associated with wood in hydrate or monoLayer
to r m .

0.30-BET
0.030,F- PLUS CAPILLARY

King Theory
" 0.020 - J ..-

0 2O 40 60 80 '0
King (19b0) derived a sorption model whose TEMPERATURE(.Cl

final equation is of a form similar to the Hi M148160

one-hydrate model, but is derived from con-

sidering sorption similar to the BET model, Figure 9.--Monolaver or hydrated water in

that is, monolayer adsorption and multilayer wood at relative vapor pressure of I.

adsorption. The final equation of the model

can be written as (Simpson, 1973):

18!( B K I Po (h) D K 2  (h <h)
m I - , + K 1 P h 

+  
-- o - ( )

p (b) I -K, p

where

m = fractional moisture content

po 
= 

vapor pressure

2O 0 WOOD HANDBOOK DATA h = relative vapor pressure

MID molecular weight of polymer unitP

16 B = constant proportional to the number
of sorption sites in a monolaver

D = constant proportional to tle number

TOTAL of sorption sites in a multilaver

WAKR =1 equilibrium constant between mono-

layer water and external vapor
wi pressure

8 DISSOLVED pesr
I WATER -- K, equilibrium constant multilaver water

Eand external vapor pressure

I WATER

rhe model partitions water into two major
portions similar to the BET and Hi theories:
Water that is d rectlv associated with wood

0 25 50 75 100 and water hat is somewhat removed from direct
RELATIVE HUMIDITY (PCT) association (fig. 10). The amount of mono-

M 148 159 layer water at saturation is slight lv higher

than the BET and F1l1 modelIs (f ig q) q
Figure .-- Hailwood and Horrbi in sorption

model (two hydrates) fitted with

sorpt ion data at 10
° 

C from Wood

Hlandbook (1974).

-'- I



Peirce Th-eory

Peirce (1929) developed a sorption tlhe rv
based on two types of water--"a" 131050 ind 20- 0 C.4'A
"b" phase--held in a polymer. fihe ''a'' phasie
is water bound intimately to thet polymer,
and tile "b" phase is water less tightlY helId 16,

by forces similar to those in a liquid state.
Peirce's model can be written as (Skaar, 1972):

S2

- Ih (I - KWm,) OVpID BWmb) (2

where 0 ~N
4- *ATER 7

Ii = relative vapor pressure ,

ma fractional moisture con)Ttent ot 
_ST'

"a" water
nib = fractional moisture content of C 2t SC "

"b" water REL ATVE HUMIDITY

W and B = constan ts
K =c ons tant that can be considered an M 148 162

equilibrium constant between "a" i gutlt 1 . I (): .1t7 i i'- t I
water and polymer w - rtinii at '.0':11,71-

Handbook ( 9741
The moisture contents ma and nib can be written:

i'ojr ~ is ;-Wn10 15r W- 'Wi

I - exp (- Win 3)(1un .Aiin, K rio Ima (14 colo Itr. A~p i as he- M I i L 0,11 1 :!!4 C

Itpi t i. 1ate t L BI. I t , i! .J Ui:
wilii .. eos t t -s liIt 7, l

Wm + exp (-Wm) 
all i1hi ii

nib W [4
*where m is total fractional moisture content. I ESIS OF' St;Kigl Ii liziO IISi

When equations (13) and (14) are s;ubstlittd
*into equation (12) , the total isethermi can 1) On,1 ,! th firs t dieind oi i 1pt

calculated. [ heo r * is that it 4ivcs -in expe1 .. Itt. !%
correc t sorp ionl isot h~rin. Frot a st ri ct 1v

20 0 WOOD HANDBOOK DATA Ma t hemat icalI s tattdpiit 1 I I [it\'a t V i %,L U

to dove 
1
op a sorj, t n iSi tao tTn that , Wth tie

Lise oit se vera 1ad 1s' 1,.ih I, c ool t c ien's ,cant he
16- made to 0 it oxpe,,.r i! 1 d at a (I it t well I. As

t tiim.it toI I, c t , a p, I 00 v arz -IIw it ti no iigh

termts (six-id istah le paratiet ,rs . Sinliipson
. W OAL 1973) Can K.l Mald 1" 11! dti %'-r%' Well.

Howeve r, te s I5 I 1 !0oO,l Io-it-t 1)1 t 11-I5 II

Uo men t alII!, hsie ris is not I s-it I i/lent t o~ t

La a tlieor., Ind .I mor, . I i'I te 1-t ICl~i r,-

;l - OI I 1 (l l I t i 01t 'It t Iice e r ic I, h rs'ti :

4
r KING

M.ONOLAYER 7 KING F it of t .i\) ri M 10 1 1 1 :),IT I

MULTIL AYE B

iI 1i ) Ii' i t I t I il -it (rp tI i il'd 1o I s 1 . i I .

0 25 50 75 100 IX)Li rIITITI I it a) lit I I I I 011it

REL.ATIVE HUMIDITY ii'S 1 O r t i1 i0~tli -I t11 1! 11 t r )I11ii 011 Tmiit *

M 148 161 well as a1 p' ss IL) 1 III WI". tic, .r r-!.ittI' itoh

Figure 10. -- Sorp t ion moidel Ia)t K i it f i t ,i td o g, o I a I dX II 11id1 t lt I 'L 1' ti . a 1-

with sorption data at 41)" t frlm Wild 7, 8,t 10, and 11~ in mttil !i midi-i t irt :1

Handbook (1974,). dii1.tI o r woods lilaidh', I '-I

=7i



data involve a series of isotherms from 0O to C determined by Iitting data to the BET model.
100' C, and have been fitted by nonlinear In the BET model only adsorption of the first
regression t, a number of sorption models layer results in a heat of adsorption. The
(Simpson, 973). With the exception of the values of QL calculated from equation (15) at,
BET, all models reviewed in this paper give an
excellent representation of the isotherm. r

Deviations between actual data and the fitted gram (cal/g), respectively, for the data trom

isothr are I percent moisture content or the Wood Handbook fitted to the BET model ot

less. Flie BET model (fig. 4, eq. (2)) fits equation (2) and the BET plus capillary model

ootly at high ,elative vapor pressures, where of equations (2) and (6). Heats of adsorption

de-viAtins1 Ire as high as 3.2 percent moisture determined either calorimetrically or by the
.Onlttlt. Clausius-Clapeyron equation are in the range

of 260 to 280 cal/g (Volbehr, 1896; Kelsey and
Clarke, 1956; Skaar, 1972).

(Heat of Adsorption Tests The remainder of the models reviewed in

A far mo~rc critical test of the sorption this paper can be tested for agreement of heats
Aode: is teir abilica to predict observed of adsorption by considering the temperature

Vt oi the heat of adsorption of water by dependence of the equilibrium constants of the
w,,od, i. parameter C of the BET model is models, as reviewed previousl'." (eq. (1)). When 

det ied as: reviewing the temperature dependence of these
equilibrium constants, keep in mind that
adsorption of water vapor by wood is an ex, -

C = K exp (- (tv -I)/Rf) (15) thermic reaction, and as such, an equilibrium
" o constant should decrease with an increase in

temperature (or the constant should increase

whott, with the reciprocal of temperature). In a
plot of tie logarithm of the equilibrium

K = constant (assumed to have a value constant versus the reciprocal of absolute
of 1) temperature, the teat of adsorption is

and = as defined previousiy proportional to tite slope, i.e.

R ga, constant
I temperature 'H - (slope) R

ltus, the differential heat of adsorption,
Q - 0o, can be calculated from values of The equilibrium constants of the sorption

models reviewed here have all been determined
as a function of temperature (Simpson, 1973).

ah ic I.--Moisture content deviation between The K values of the one- and two-hydrate HH
models are plotted (as fitted by linear

sorptton data tor wood (Wood regression) as In K versus I/T in figures 12

Htandbook, 1974) and 13. In tile one-hydrate model (fig. 12),
the values of the heats of adsorption associated
with the hydrated and dissolved water are 4.3

Worst Average and 17 cal/g, respectively. The positive sign

Equation deviation deviation indicates an endothermic reaction, which is

Sorption model number (Pet mois- (Pct mois- contrary to observed behavior. The two-hydrate

ture ture model (fig. 13) does predict an exothermic

content) content) reaction with the two constants associated

with hydrated water, K, and K,, where the

values of '.11 are -75.3 and -10.8 cal/g,
BET 1 3.'2 (1.5 respectively. The sum of these two heats is
BET + Qv, and the .H associated with the dissolved

capillary I and 3 10.9 o.2
HH-- water-water vapor equilibrium (K) is Q the

one hydrate 8 0.8 f. latent heat ot vapoirization of water (50 to
HH--600 cal/g itt this temperatutre range). Flit

two hydrates 9 0.5 (. 1 value of Q is, htowever, +h.s cal/g. Thus, tie
King t0 0.8 O. 1 two-hvdrate model predi ts a teat of adsorpt ion
Peirce II 1.0 0. 3 of

I I I I ii i i .-



.72 I - , . - -

1.70 H'43o/

.E 1.68

1.66 h 4 i itl' t .I * 2 .,

-0.18 2"t) t, 280 4 al

-0.22 111 tilt. K i ng m-d i t.~ :

& HK=I7 calI/g K It ISiss", iit 4 .  Witi) tilcr, . Lw .

-0.26 Wilt4.  I ~ .VA1 tJ'Id I 1, 1,it! 1:1,

1 .0 - .1'. r w.E , .. c nfw2t

-0.34-
A, I' J it K

-0.38 1 __ ..- i :1. I , K, n' K
2.6 3.0 3.4 3.8

1000/T (K)

M 148 163 Q9 =. QJ

Figure 12.-lemperature dependence ,I the
equilibrium constants of the one-
hydrate liii wood and Ilorrob in Sorption is ,VA IC n111;.ni 'A t~-

model1. %,,11u4s Un; I .ot O I

2.0ril l r O t -tV i1 M

1.8- onstant hc'tWVe.  Wtit 't 'a
e c -, 904)). 1)?,- -h at il-,

tT 1.6 this .onstahlit 1,1 10a o is -.. ow: ini. i i l

.4 : Z H z-75.3 col /g 3 ated from till s 3 .p, ,I '- urv, ;

/ -- .i g, WhIj j S1101, I' Abe d~- W1

1.2I Iof 2(,o to 2)80 :il IS, b

1.0 adSOrp1tionl Ot a.1 1 moA :It. ..... IM .1 ,. J

t.ib)14 2.

S 0.9
C LH~ 1I0. 8ca./

0.8---

-0.14

-0.16 8
6H..6.4caI/g 8

- 0.18

-0.20 -

-0.22 .1 '

2.6 3.0 3.4 3.8 H-,683-4; q

000/T (*K) -, H,- Qo-:
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molecules (monolav'er, hvdratd, bound war) Simpson. K. . . . 'i
and part is distinct lv lss iut timatlv I ssoi- M~loist1rt ot,!L. :1 : 1 , t .d f

ated imul ti laver, disso lvd, I iquid). lb is 11 .0- o ,t "Ood:-!1 I
gene rat view has become tile a, cepted clict
of how water is held in wood (and marry ,thr Skaar, V. ',?7. 7 : , '.

po vmers )I I v . ' t " .

It has long been we t I known that m3ost St alin, A. I 19 . " ' .

mechanical properties of wood (arid most Ronald Pr-- .
hvgroscopic polyriers) d, vrtase with moist nre
coiitent. Pe it'- has mad'. tiit' attenmpt to lilk 1.5. r- I'Ir,,i. '.r I .'

sorption theor-y to chinges in m, chianica. Halndi)', . A II.-\ l l .' . . ,

properties. M echanical properticjs ire ,itvil I'
important to tilt' LISt alld p~'r Veiik3 ,s' . ranrd : 1 - '
products, so perhaps this would be i AriLul and n'nilUtCI ou1 ::di I' :.
area ot research. 1'c::e . lt ''. ' -

The models reviewed here :an be tit ttd w iti. L, V. ih , IB .... ,. " -,i. .,

rion linear-regression teciniques to txperiMLutJ1 I;,rm..3v.
data, and most of them with oxceLlent results.
If there is one practical use of these modeis
at present, it is their excellent ability to
correlate, interpolate, and Colpactlv store a
large amount of sorption data ror wood. File
analysis of Simpson (1973) shows that moisture
coutnt can be calculated with deviations f

no more than 1/2 perceti moisture contetit over

the entire moisture content and temperature
range. This accurate and compact storage of
sorption data can be very usCful in many kinds
of mathematical or computer modeling.
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. GIt.tilieo water icontaminated t:e air sample. In thi wa a -Inie

water causes a shirt in the rate af instrument can n15ont muii.i'

vnt n1at Ion). chambers through 7 an r 2I autoat I,
switching. The simpleit 11)Pm cI dew-

I. Matched drv-huib'wet-bulh point sensor consi sts atf a poishP
,ensers aver the temperature ranqe ef surface which is coo Id antis dew or

int eres t . frost first appears. At that point,
which can be directly observed ty

4. Shielding 0f the temperature microscope or indirectly using lught
sensors from extraneous radiant sensors, the temperature of the
en, y , surface is measured. By cyclino t-,I

temperature, the dew-cei nt can 1,

.-Cerrection of readings far measured as a I sct ion of time. TFl-,
amos-opher ic pressure. meter s can e made to accui a (e of:

+ 0.) C or less and can he manual, I
Wh n I ,d with care, wl -de igned eperated or highly automated. The
"1 1ins 9 vchr mc, ters e r ameng th most major prohlemn relatinq to their
accii it- per tale e.ns}or s for deter- consti Iictlti on snd e are:
m i n i nI t he r , I a t i vo hIm idi t of
-nI 2 n ng rooms. The pr inciole n of I. Temperature sensor . i' hest
h ', i n ps ychromet,,r h be n qual ity instruments use re i Itanc e-

o r f ated in "aspirat in" or Assman type sensors which are i n intimat,(
:2, h tern, which cool the wet hb contact with the coolinq nui [ace.

-r '; air r(v'. r the wick. Temper ature accuracy and response
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C~ ~ o i I i r1
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-I, I ,, 1.1 a.1, -t,2 1 t .on sitr a : to (-r,- )r2, r

r t u1 ,!.1 1 n(2 jS .j 1 AaT r i.Tr n.'rrin 1 --It'.-
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13a1r21 '5 1kn( an I intrme Sldtl [ ,i
heated ii the Kiew- 'fnt i Lo. Under to-e .t ('1I condt 2 ni ]n]ca

ambient temrperatur., in prekparation, saat e -sa 1t r I-
t Ions can b11 he wit!]In 1 ]* , o

Another lorm of dew-point rrea ur,-ment publisked values.r rc at
uses the vapor equilibrium temperature accuracy, a referenc<-.ality Pa
of a heated saturated salt such as senso- must be used. Tal g v, s a
lithium chloride (Considine and Ross list :1 typical saaturate--' salts and
1964) . A wick containing the salt their RH values as a function of
solution is heated to the evaporation temperature.
point, which increases the resistance
anl therefore reduces the heating, Moisture content instrumentation
leading to thermal equilibriaum. This
techn Iaio is inherentl' les accurate Surface moisture content
than t at asing a polished surface

-Iecuse of hs teres is and chemical The measurement , t a
c) tamination. Iowever, it 1 ndsL normally been either directIy; o igh
ts elf to smipl i-r du: ian (no rs r ig- thin slices from t he Itac a

cratien) and ha e f-ovanageo for sample or indirectly r-m irc
readings near ambient tl ,tur of the EMC cconditions, f

electrodes can b use j C t C in
CaLi1rti on f idI sens cis direct readings of " Cr ' ,"

tivity which can be cnv rte, t: S,
Calibration Co relative hm dIty although the depth. ot r i int
instrumientcs is ditficalt and olten the sample is uncnt r, ia ,. An
beyond the capability 01 werl-eqaipped intermediate method Invol,.s monI-
laborator ls. T he; moot accurate tor ing the mass of cnd-ira i r ices
calibration equipment uses a two-pres- of a sample exposed to the same drying
sure generator in which saturated air conditions. None of these apprroachles
is isothermally expanded into a lower provide an instantaneous measure of
pressure calibration chamber. Alter- the true surface MC or permit dynamic
natively, constant relative humidities measurement over a wide MC range. An
may be produced by accurately mixing alternative to these methods is the
dry and saturated air at constant direct reading of surface moisture
pres,'ur, and temperature. When as!ed content using infrared (IR) tech-
with high quality ldw-point instru- niques. Commercial IR moisture
MentF, the, mixed air dew-point may be meter-, permit non-contacting measure-
,ContrlIod within + 0.1 C between -30 ments over the complete range of MC
and 40 c. nwover , these types of with a minimum of necessary correc-
-qtiprrmnt are normally available only tions. The el tect Ive depth ot
in ]al-orator i, us having primary measurement is ott 0. I am toI wood
standard m ea s rosent capab i I i ty. at typical wave I n, ths of I .4 or

I.8 sim. The msc -t :- T i-u!s limitation
In the typical laboratory, constant is the (lift icul ty In cal i rat 1 S-i to
rIlat ivo humidity in ol ton obtained obtain sut -i ent 50u0 tf I c hI w ,v

throuqh the s et saturated-salt the- pros is en 1: p, I sfill 1v 4't tel than
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reduces surface contact ) rcssurek. spec ieS, particularly at f Ither
This contact can be restored by moi- tuire content and pr ohabl' ajt
lightly tapping the pins. It MC is higher temperatures.
changing substantially, as in kiln
drying, shrinkage or the wood loosens Some newer meters have built-in 1l1l:
the mechanical fit of the pins, to compensate temperature direct Iv y
increasing contact resistance. Also, shifting the meter calibratlon.
if the MC is high (above about 20%) pin
co rosion may increase this inter- Species corrections are perhrps tc<.
facial resistance. The integrity of greatest uncertainty in MC readings.
mechanical contact can be improved by Such corrections are usually supplied
using predrilled holes with special by meter manufacturers, but little
pin shapes, such as modified screws, of fort has been made to pr) ice

unbiased, statistical data. For most
Since DC resistance meters provide MC species below about 15% MC, toO
readings at specific points, it is not correction is small (less than
possible to directly obtain average MC I% MC) , but above this level, the
in wood with moisture gradients. 'The needed corrections may be substan-
most widely-used technique is to drive tially greater than recommended (Cech
bare or insulated pins to about 0.2 the and Pfaff 1973). An added problem at
total depth ot a board which has a this MC level is the apparent
normal ("parabolic") drying gradient. decrease in MC with time of voltage

application. This occurs from
Tse major two corrections necessary polarization effects, probably near
for accurate MC readings are tempera- the pins, which increase rapidly with
ture and species, applied in that moisture content, particularly above
order. Temperature corrections about 20% MC, and are affected by
pu. sIished by James (1963) are wood extractives. MC readings in
generally reduced to a simplier this range can be stabilized by using
tabular term by manufacturers, low frequency AC or switched DC
However, there are problems in the voltages.
interpretation and use of this data --
no information is provided to explain Data has been published in the Wood
variability, species, significance of Handbook (19551 for the DC resistance
the curve-fitting, etc. Skaar (1972) of 29 species (tem 7 to2% MC. Jarres';
has proposed an approx imat ion for (1963) has ext oend ed this; data to
James, data, based on a reference cover an add i t Iona e en Spec i es.
temperature or 2t C ind from u 6 to Cnlorttunatelv, the tsi stancc was net
28% MC: transIormed to res I Lv Ity (the

electrode cnt iqiration has also not
dO - 0.027 C,0.008 I been tullv repor ted) and no stat is-
dT tical data is preSented in either

source. In addition, F'pecies inter-
However, data provided by Skaar (1974) mation such as dens ity, growth rate,
based on heartwood and sapwood of f iye EW/LW percentage, and heartwood or
species at 12, 18, and 24% MC, appear sapwood has not been included.
to tit a relationship closer to:

According to Stamm (164), reds-
dC 0.06 + 0.2 U0 " ' tivity perpendicuilar to the irain is
dT approximately two to three t mo, that

measured parallel to the itarn.
Th is relationship suggests a reason- Since moisture meters are cal ibrated
ably constant slope above about for paral lel-t--qrain resi;tance,
18 t MC, which is supported by the tact readings made transverse to the qaLn
that the 18 and 24* slopes were not may te about I to 2 MC lower than the
significantly dittPrent. Fr om tho true values. Rad l rI!-ist I%;t. •  I:,
variafuility in Skaar 's data (about usually lowr than tanrn t ial tci i -s

10% range at 12% MC, and + 20, rang, ot the intl Ience, 0i t aI w I ', . it
,at 18 and 24% MC) , it appears that the' would be antic ipated that as der: it',
nominl co rret ion cii .v, p o1 pos ed by increase s, th e [)C rsis;t ic t wood
times (1,46 31 ate nt goneral I l appl i- -;hould decrease since the airenut ,t

hall. Apprent IV, th, mod" of DC cell wall material per' unit volm,, v:,
condict ivitv 1 net initorm for ma'nv greater. An apparent incteae in M'



would be claused by this dec rease i n :n''ttor 15 sefn :i t ivS- t,,i e ~~e :i
res istance . For indivijdual wood and ovendrv, whe roa t h', e il
species, the density variation is too itrit: potential]..,
small to cause detect ible errorsI in MC t he ent i re MC ra nge (r n
readings. However , the rangeo of rela- ovendr ' ,) .Bioth t/pe. of L

tive density of commercial s pe c ie arbitrary r'auo0ut scah' : *l'nre''
(nominally 0.3 to 0.8) could Cause an va ILue is F eonver ted to MOI2II
error of 0.5 to I*~ MC in reading:i, it content by a cal1i !)rat io)n t " L , t -)I
density were t he sole factor i nflu I- th e ;peC.c I IIc S~ ~peec be ,L-,I ngq9' 1re a ll
encing DC resistance. To some extent, Powe r loss II mete(-r sa r t mtni1
this appears to be the case, for t he P1iarl b.11 1 _y the njdtcre ,no' 1 on': P,

species corrections recommended by t ra tion o f o xt ru act'5v
meter manufacturers. The h ig]he r .s;ecIIS . Cea p~cit arie fI ''
density hardwoods, i n glener al mus ,t i nI o, -nci d mor e by mi'1 t iit c, ,-
have t he ir MC r ead inuis reduced , hut tat ion than MC, pa ti 1c 1 ,1 t) e'
i on concent ra t ion and mob iIi ty amionq FS P. Dielectric metersa j(,L it fle
species is apparently the c(qttollIs.I cnntac t el(ct rodes , generai a 1,' 1
variable and obscures t h, d ens 1t y concentric conpl1a na r conf igur -t ion
influence. Venkateswaran (1912) found wh ich oroduces an "ledqo-r't fect "
that the DC conductivity of 14 species electric f i Eld . 'Th I c"nac
of wood at about L2% EMC and in the e-lectrode's aiwa's have a comleonent (It
ovendry state was highly correlated the electric field a-long alltr

Awith lignin percentage. (Klason major axes; Of woodi, tneoretor
method) . Conductivity increased about influence of grain angle On
10-fold over the range of 18 to 3l electrical properties mast I)e eon-
lignin content. TPhis may 1,e inter- sidered. These effects are 1:,I t
preted in several way s: lignin could different f or the loss tan,-,-nt and
have ions associated with it in A~ dielectric constant. For 311
reasonably uniform concentration practical purposes, raidial and can-
regardless of species andIor th11e gential a -pects- may he comblined into-
continuity and F;t ruct are(- oL liqnin "trun'Ver'e" I ot di electric co nstant .
controls ion mob i 1i t y . f FttctF (it aint I (" w e ve, r , ab~ove abL)ou t 20 i MC, lo5si
content, extractives, re act ion wood, tangen t i consideratIly greaier tor
fi hrilI angle P, e tc. have not bee the. radial than the tangenrtiall plan"',
stud ied to IIc Ie t 1' t oI t,, o possibly hOC 115( of t he 1.1 j(' lanCk ()I

practical sne; in DC co I'c t I vIS, the lays on condcutivit, ' ,. 'n 1 n's.-I
me a s uremen t. dependencr of dioleetr i': eo-(n's it ir

MC above E SP has- been estI, I I" Li'
D ielct r ic mo is!,tuAre, T,,t'' r' S Ki a 9 14, 8) 2nr tK h e !ctr i L

Two .t ypes G I die ct r I -'r men sture dIi t a nco emIo t he c t :odt- I
me1ters t0 ( ar o rmc- iT -Ivailalh expect' Ld t~ hat d I, "c,'r lic met-rM
'Powe r loss" meters, react primar ily to be CIe','e 0'~ it IV,, 'o i :- loie
resist ive reactance anrf " apac i t a nce" to the e lect rode P1'I , lIr tI
(01 "1adm itt anrce'") me teor s re inmire CLI I a r I yt rute oft p"Of ti t -
sensitive to d I eect r I c-Constantt. which may be neir I', i'v i' iv, 1%f C
Fre(que nc y is t-he ma jo r de ter m in ingj le-velsF a t 2 M n, t i- Wi'oc
tcto for 'he mode and MC r a nge of ;i rtt ace 076 1 1 ih! I cr'r'1Iz

operation. For example , a me ter opr'r- cipicit-inc' TIILt'It pt15 1, 1 r'L
ating at 100 kliz (25 C) ha5' high loss able inte~ir it in' I of 'c ' i-I w~t I
tange nt I re!; ;t anrce mode oft opo r at i on)I va' fyI no 'Io ' - 11, co t nct (i It rI t I
and i s apparently ''' n it ive t o MC t in'f Do''coi' W- Oin ' PwiT 197( 7 Ill1
changes above FSP. At 1 Mftu', thm' miter cen tI t iT ,. p' ~r f, ,! ' le i I(
i s about equally s enLsit iye to tr''sls- Ir It IL (:I IIn :)e-w If r iJI I
tance and dielectr ic co)nrtant Ielow i.pr ing Tootd 'le1 or'to Ir j
FSP . Fo r TO MHz, t he rc-;I .; t antc,' A!TII, rM,1 I 1itW''- '''11 11t i on'; hi J'

f fect Is r eIa t i ve'Iy sm.) I I (tnmel' !t 11' o-1Ct) enti "', ' il1
0 .- 1 3 ) a nedf Cor r Plat.' pooi I Iy t Lb mi Lt iT" ' '-3 nta I I l t I '' , j

MC, t her eforeo, the mete' 0r r''soo tnt1 LAt tnt I'll -t I In [poWel To''!

I a rge'r I y t o t he de le, c t ti e(on 1t Int f li Illq' , It C ' I- I l it 1 -t (t

In the com mePrc ialI I'v ivii I I I, ,' tIn 1-'i~t i ii'T,'T te e(n: tint I1

(fielectlr- Ic f-crn te n)welr I e- W0o'i 1' AlII'it i' I nli l m'



1975), but limited data is available
for corrections of specific power loss
and capacitance meters (ASTM 1978).

Table 1. Equilibrium Relative Humidity Over Saturated Salt Solutions
a

Temperature (C)
Nominal . . . . . . . . . . . . . .Solubility (20 C)

RH (%) Salt 15 20 25 - (/1_100 ml)

10 LiCl 11.94 11.14 11.15, 11.05 78.5

20 CaBr 2  17.9 143.0 (6 1120)

30 CaCl2 35.65 32.75 28.98 74.5 (6 H20)

41 Nal 40.54 39.17 37.75, 38.4 178.7 (2 H2 0)

50 Ca(NO3) 2  49.97 56.39

60 NaBr 57.7 47.5

70 KI 70.96 69.84 68.76 144.0

80 KBr 82.76 81.74 80.77, 80.71 65.2

90 BaCI 2  91.03 90.66 90.26, 90.19 35.7

Compiled from Wexler (1965). For additional salts and temperature
dependence see Wink and Sears (1950).
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'or: it>:I Ll yti-riIl oriotloit It 'iture Produttor
Pt>C -- r I-sin' oO Int ors

Sit" 'fi, e;rooil Between spec Ies Peed speed
Thiknss 'idth and length Within species Speed of measuretient

lFeart-supvocod content Stand t, stand (dwell time)
Crain orientation Tree to tree Total area Sampled
Kine n4,Lr''ut-re WI thin tree Poin-t sampIIng
:.row-rr rate He igt ht Con t 11uonLS s amplI Ing
S t r-;,t uralI d irect ion, Pa dital Board temperature
Preseni-v of defec-ts W Ithin fli-cc Not after drying

Knots *o . o. rodfIentts Cold or frozen before
Checks M!oistuire dtstrihittlons and after drying

Pp MrsBoard orientation when

,;a n passing th-rotig. mewasure-

Resin packets Tmont s'.stem11
etc.

Sni torn it% of pro-tit
2-irt i-ce rutiplness



i nhevrent bet ween1- and w ith in1-pt4. t',.Irit i ons . lairge dal ' ou:t put of ltttt.i r ill,!-
alIready d Iscussed , at, effort his betn made. to " TIMbeVr Of- J' dIidUal jPlt""., t 0! -a

identifV the most significaint lactcr, with re- li sted a ppl -qtt~jIlIlv -I I !to s1itt I
spec t to va r iaIt ions i n ot her mat er ialI prope rt it' nt a sma iumbe r o f ;piet it-'.

and to possible mill production influence-s. sured .
This array of varilablIes, althoug h probably Ii-
complete, ,learli. shows, thie complexity of the- Attttioni !i-r;iw'1 to7 th- ' -
problemi. tujre au oet -cira i's, 54I IT

lows:

AN: it Al. 1 ED >1)1 STI'R I iS Tr e ioe

MEFASURING SYSTEMx hart isOl 1v dried

Based upon. the previous discuss i n and 0 'mp It tlv 1 ir- or

consideration of the poLssible factorsI- thait 1:11 kil T -U d T.i hol -I

a f fec-t Mo i St ure content eSt JMalt ionIT tiet requTji re -
ment s of an idealized lumber Moistr' nrc eisurk-- ltioIho>in vsn tri

ment sy-stem have b)een post ulIated anld are, I is t d" t hese vailues shold t-cry e Is I!It it rt I "i

in Table 2. Whiie these reiluirementI tire based, 'old h1opeful'% Tvill s nlt-eth sou
uponi tie anftic- ited n Ieeds1 o)f a1 2Ai1 r01diic in geI !ls>.- -ti op?;'rprIit' cri '

Tab le 2 . -- Requal rerten t s ot an 11deal I z- tIum!er I oI s t: nr rseasIurent-::; t sys t en (Adapt ed c7 to . ,

2 . R. l~.

System Requirement: Co MMenlts

Ac cura cv Should be capab~le of thle fo 1 Iowili accuraic tes +5-10' M( for
green lumber, t2'-5' M!C for partiallyv dry, lutmber and -l -2'' !or
dry otaterial

Speed Speed of m easkr'tt - potentially ve-ry rapi d (short. diteI '
to al1low for hig;feedL speeds 11n somek n-l Is

Continuous Maximize total arel t amledcmptc1 e utu i-h'
essent ial

Nondestructive Both contact and noncottact shou-ild hec f-easible

Capital investment MIiTtiniZe invest'ttlt - sysqtem shold, 11 'iv r totIt it: <o"Tt

period of time

saeyProt ectiln ot ri I I pe-rsotnel1 witnh i::ecessairv Iioieiscct
e s ell t. Ia I

Ease of tine Mill persottl with proper t ralttltn shiould he- sihlt' to 4sd

pertfortm necessary mteasuremetts stud cvalunat i ois

The system should allow for
variations in:.

Mill and board temperature Temperatuire indepenrdencyV necessary

Specific gravity MuLst be accotinted for, perhaps ui ung tootirtehIq'

Thickness Must be accounted for, tisittg loisers or 'th , 1l' tr ,iI
mechanical methods

presene, of def-cts Should have caipabllt>- totittt itvsis;,m dt' I tt,: these t too
dett-rmlnitiot of moistti' clttttt ist It-it bit of l'i'at J

Moisture content It i lairge itought voltisi- of tie hoard h's sisp'led, it r". ,

desirable to idetitff itid takte titest' tti c, 'Tin t



NE1AST Vk 1bN I hi DS PFKI~l OR DRY [K a),i Nnd t hatt Is how to (lass IfIs% boardsc :0

i trent zones of mi sture cot eot, as t 1i , rt-
There appear to he two general! areas wherc wood might nor.al 1v he dried in "6 hors ,rd

St t'-r oiatrt- ,alt. eat mIsarotrt-Ot priot to the sapwood in 60-9 hours, a. tloaai t ;i. -

drying would lead to significantly improved also related to grade di fferen-es In the -
dr ins practi o-. l1.ese are in the segregation tert I

>. n lumber am the se lectIon of ki n sap.-

d-; these two, aspects will be d scus .- d Exarpi ts ot ce rad, ptnt 4 1 rt - seC

, ter.l l. upon moisturte ont ell ' t ft.ore!, - . !i j tr;-s '

segregtation of ig -rof sture -o:t Ir t ie sr

-reen umber Setoataon stock in redwniod heml o'c, ince.se 'dar, Ispe!:.

a.nd cottonwood to red Ue o aI s Se .v2 ' :pi!1,Tt

:I(C des-irabi lity or svcarating lurber into Ilie work oa ',ir e t i prc vioutis (i-a Indi-

spia sorts or segregaticosn prior to drying cates that raterial sos. ept ib.t, tb ic n.y, ol-,
1,a, been discussed in some det.ail by Arganricht and ring ia, l,sclciatt wil zont-

[ 971). Drving sorts oan be classified into :igher-than-nornal roasturo ontent.
tw. m.il., typos. Sorts established on the basis
or xpected differences in rate of drying '.,'hen drying a charge of lumber that tor-
(drying-rate. sorts) (Smith and Dittman, 1960), tains significant quantities cr r atori;i, . avir.!

or sorts carried out on the basis of tendency either different drying rates or potenti t.' r
to devcl seas)ning degrade (degrade-potential degrcide several differe..t consoequ ncea a r -
scrts;l (N, i hos, 1973). sut, depending upon the nature of the r , L

schedule. The schedule being used v ,e 1:as

fhl object ive , regardless of which sort upon the response of the faster or easier to

is made, is to develop units of lumber in which dry material or, as is more comcr, L'n tI h" 1a71s

,ill hoards exhibit as uniform drying character- of the slower or more difficult to dry portion.

istics as possible. Such sorts can frequently This is equally true for time and/or moSturc

be made on the basis of differences in moisture content type schedules.

content as a result of sapwood and heartwood

or the presence of wetwood (Ward et al, 1973). If drying is cootrolled by the Yelvior ot
,::e Irmer effect can be clearl, seen in the the easier to dry portion of the Lar t te ro-

data of Figure I, which gives a frequency dis- maining portion of the charge mav be stiub4c't

tribut ion of green weight per ft- for 5/h-inch to kiln conditions which are too severe, t.us
thick ponderosa pine, mill classified sapwqod causing excessive degrade. In addition, the
and heartwood hoards. Since weight per ft- slower drying portion may still i .it too :I,,b
is dIt tct ly re Lated to initial moisture con- a final moisture o'.tent at thIe ori l- tf e rn.
tent, tin' can see tile two distinct moisture
"cotcot populations of heartwood and sapwood If, on the othner band, dryIng is .onttoll -i

material. The overlapping areas most likely by cthe response ,f the slower or more df fi ult

represent boards containing both sapwood and to dry .part of the charc e, thler problems lan
heirtwood . This points out one of the major arise. In this case, the schieduIc hein mised I

prob lems encountered in drying rate segregat ion too mild for the easy to dry material ird tie

end result is that the total throuch -put ,. tile
4 kiln is less than it c0uld nd should ho. et.-

EARTWooo cause the ch'arge is kept in the kiln Ionzer tin

Ss*OcGo necessary, the direct drvilog costs are 01 so
24 greater than need be. This aspect is illus-

- .trated in Table 3, where potential savings in
20, direct drying costs have been calculated for

the example where lumber of two discrete drying

rates might be secregated These data chow
that greater Isal ' swaving car Ill- is totaI
I••rvin t -,- hi - "c lonv r :o ) L t rat I

H the drvitg t 1r-es tOr th tW, t C s Of 7-lt ri.i

- I ncreases. It snj l b, llot ' i tt;lt tin , ;II-

-til at ions Tworec ba- .'. , it(sI::, t I cr t it
4- seg gatlor a.- b, t. i h i

GREEN WEIGHT PER FOOT 
*

ITil c' ost of s l",I a t, oI - i'., t-or I .,i d r-

eir' i.--Di trio s in Initial w-ig)hit f stakin need to be , tin 'I f r,. t , -,i.

t, oill arated 51O" ponderosi pine its oI 'e ,reis, - t Inc rin r ;-rt I 1: rv

riate al e a n be ac, lraoelv i -c



One of the most important consequences of
drying material of mixed drying rates on the PONDEROSA PINE
basis of the slower drying material is that the N 5 COMMON LUMBER
faster drying material is often brought to too I'

low a final moisture content or it is overdried. 4-
This is particularly true for softwood lumber
where the equalizing period is frequently not

used. Some data on the high dollar losses re- W "

sulting from increasing degrade as final mois- o
ture content decreases have been obtained, as 2

shown by Figure 2 and Williston (1971). Al-
though difficult to assess, the relationship I[ I
between degrade and final moisture content W
needs to be much more fully evaluated.

S 9 I0 II 12 13 14 5
The various benefits which might be ex- MOISTURE CONTENT (PERCENT)

pected from establishing or improving existing
drying sorts or segregations are therefore: Figure 2--Relationship between rI.orl;e ,.er, -

final moisture content and degr;de lcss in
1. Reduced overall drying times-- 1960 dollars. (From Knight ond (ook, 1960.

greater kiln through-put;

Table 3.--Calculated potential reductions in direct drying costs for different drvin--rcit, ;rts.
(From Arganbright, 1973.)

Total drying time for Fraction of material Ratio of drying Reduction in total

slower drying sort in faster drying sort times of faster drying costs if
to slower sort material Is dried

as separate sort,
(days)_ ______ ___ ____SE

2 .95 0.0082

0.10 .75 0.0-11
.50 0.081

.95 0.021
0.25 .75 0.102

.50 0.203

.95 0.0 0
0.50 .75 0.-20!

.50 .04

8 .95 0.03?
0.10 .75 0.162

.50 0. 32.

.95 0.082
0.25 .75 0..-05

.50 0.809

.95 0.16?

0.50 .75 0.809
.50 1.618

1Reduction in drying cost (Total drying time for slower sort) x (kiln operating cnqtlhr) -

((fraction of material x (drying time for x (kiln cost/hr) 4 (fraction of 7.at, rial x
in slowest sort) slower sort) in faster ,ort)

(drying time of
faster sort) x (kiln cost/hr))

A fixed value of S 0.0337/MBM/hr was used for the kiln operating. .st.



2. Reduced overall total drying MEASIT'M,1 EENE 'kiN ' .

times-- lower direct drying
Costs per Mfbr.; A, ur, towled-,- of the no

4
-t- i' ' - t

3. Improved uniformity in final of a harV- 1 limbeIr is it dries rI,-.:,,I:. , : r-a.
moisture content-- less di- nt-d in drying. lh.ile the use o! k 'n :7,plt -c

grade loss; is still a useful mears of estmlating ML st;r-

b4. etter schedule suitability-- content change, it is far fro. a perfit sc'u-
less defect development. tion. In addition to the probleTs 'ust dis-

,ussed, this tehnique permits samp lig ' v

small portion of the total charge, Is re !itivelv
Kiln Sample Selection labor intensive, and gives data on the ,tate of

the charge at rather widely spa ted ,ime intr-
,Ihen a kiln charge using kiln samples is vala.

run a number oif different factors ire considered
in selecting the sample boards (Rasmussen, 1961). With kilns using time sihedn I.s no su,0 in-
The estimated oven-dry weight of the kiln sam- formation is available and control of thie V I1
ple board is normalliv obtained by cutting Is adjusted on the basis of practice th.at has
roughly 1-inch long moisture content wafers been found to yield acceptable results in the
trom each end of the 2 - 4 ft. kiln samples for past. Time schedules do not permit our oper-
estimation of the sample's initial moisture ator to adjust for between-charge varlation in

content. Error in accurately assessing the drying rate, regardless of whether the. -aue is
initial moisture content can lead to signifi- a result of partial drying in the yard, varla-
cant errors it the calculated oven-dry weight tions in moisture content or whatever.
and moistur contents of the sample boards
during the run. This is shown by the data of If the data on the changing moisture con-
Table 4 where estimated and actually determined tent of a charge were available this could be
oven-dry weights were determined for 10 Cali- used as a reactive control mechanism and the

fornia black oak kiln samples. Attention is kiln conditions could then be adjusted on a con-
drawn to the differences in actual and esti- tinuous basis. The use of load cIlis to m'easure
mated moisture contents at the end of the kiln weight changes of all or part of ,L -harge is a
run. lol-ture content errors of 3 percent or step in this direction and some information on
greate'r 'otiurred as a result of initially in- this approach is available for both hardwoods
correctlv estimating sample board oven-dry (lengert and Evans, 1971) and softwoods (liolmis
weight. and Arganbright, 1976), In Wengert and Evans'

work, adjustments were made using moisture
Improv I i' ,,isture measuring techniques content as cilcul i-4 from charge we iuht antvd

w-!Id no't only hlp rv, du,-e this type of error estimations of the , barge's initial moisture
hat would lmprc-. .el- tien of sample boards content. The use of charge weight rather than
when the criteria oft !ilf!rence on green or moisture content as done by holmes and Argan-
init iil moist 're cootent ire used together with bright also necessitates the same a priori
,ther fi, tors. estimation of how moisture content correlates

Table 4. -- A :mparisarn ,t actua l and estimated oven-dry weights for 3-foot long random width 4 '4
ialfiornlia bla, oak kiln sample boards.

Moisture at end of kiln run
using

Esiat-d rv r- r ( t i la10tCV
-i In; s/in1 - et mat '-d t ron1 Actu.l vin-dry Estimated oven-dry Atual oven-dry

No. 7oiltur- water (1bs) weight (Ibs) weight (7) weight (')

3.1' 5.11 8.43 -.79
i' -4. 10 (. 14 6.34

4.21 8.01 8.78
0 3.01 3.17 1.61 9.4'

1.19 3.21 4. 18 a 7a
6 4.46 3.4 9.86

3.87 3.86 7.49 . , 7

1.60 3.63 I0.00 9.09
9 h.1 6.2r 14.1 7 . i.,

3.2 .1.14 1.1



to charge weight, at least tor determining whou luence of densitv cn meter readirg,,, and !m-

to terminate the run. proving the data recordfiig and prod , t., -.!-
agement aspect.s (( rlson, 1977). 1;re t r

Ideally, knowledge of not only average phasis also needs to he placed or sensi',i
charge moisture content but the variation in overdrv stock in addition to redry.
moisture content between different boards
within the charge is desired. This would per- D-vy moisture metcrlig also h;i 'rr-t pc-
mit kilns to be adjusted by either the fastest tential for use in lumber redr.ito' . -dr 1;7 -
or slowest drying material or on the response ber is that portion of harg, thr t i- -! 112
of the average material. Development of the at too high a final moisture ortnt ::.u,.t
methodology to do this represents a very severe be dried further. Increasing tiae lev, cI
challenge. redre lumber rather than decr,.asog it, i>

generally thought best in rOst rils, :i- heo.,
The use of in-kiln meters such as the shown to have great potential for ictuallv re-

"kil-mo-trol" and "kiln-scan" techniques might ducing overall drying costs b increasing Piin
be considered as early attempts at this problem. through-put and reducing degrade (Bitssttt, 197").

Such techniques, however, are generally con-
sidered to be primarily useful when the mois- Although most studies have involved kiln-
ture content of the portion of the kiln they dried lumber, the use of the redro oncept I.
are sampling is below the fiber saturation conjunction with air yards will undoubtedly have
point. Their existence does indicate a second more and more potential as energy costs increase
real need for moisture content measurement (Arganbright et al, 19741). The influence, !f
during actual drying, which is becoming more wide variability in lumber moisture content
and more important. This is the need to ac- (as shown in Figure 3) and perhaps steeper
curately determine when the charge has reached moisture gradients in partially air-dried
the desired average final moisture content or stock are problems that need to be evaluated.
end point. Benefits from improved end-point This problem is very similar to that of makinc
determination would be reductions in degrade, green lumber moisture content segregations.
as was noted under the discussion of degrade In addition to the obvious sensing equipment
and final moisture content, total drying time problems, greater emphasis needs to be placed
and direct drying costs. on the lumber handling that must be used, as

the cost of rehandling may ultimately dictate
The much greater use of high-temperature whether such techniques are economically feasi-

kilns in the last several decades for softwood hle.
dimension lumber and its possible use with pre-
viously air- or kiln-dried hardwood lumber
(li 'ii,*r t, 1 72) lldd t" thii.- , . Jlli> .u1- lt 20,

from the fact that the use of high tempera- '"tures, with their faster drying rates, can 10k

lead to greater and more severe overdryfng in 0 -/-T- - . ;

much shorter times than in the case of con- 20
ventional kiln temperatures. ( . 9 d

MEASUREMENT NFEDS AFTER DRYINi > 0
w 20,W b d oy s

As with the initial moisture content of 0 (01
lumber, a charge of dried lumber frequently:
exhibits considerable variation In final O 0- -30 I
moisture content as a result of variability

in drying rate or lack of uniformity within W I0 5C days

the kiln. Because of lumber standard require- •2
ments or potential problems In subsequent z O

processing as with finger jointing, lamln- O ,
ating, etc., lumber frequently must he riisiur--d 16
for final moisture content after removli fro. 0 20 40 60 80 00 120 140 160 lao 200
the kiln. MOIST JRE ( ONIENT PERE N

T

There are at present various commer i;llv Fiture 3--Frequnc%, dhstrllt ior <f 'oi tur,
available moisture meters for dry' lumber in use contont for I-inch thi, h-avv ceri i-at Ion
throughout the United States, Major needs ap- redwood afte'r vrytn' prhics , air Irvin:.
pear to lie in the areas of definitional is-
pects as previously noted, reducing the in-



CONCLUSIONS Knight, E., and Cook, r). 1960. Degrade of
ponderosa pine common lumber as related tc

There is a definite need for better mois- moisture content. West. Pine Assoc. Res.
ture measurement during the lumber drying pro- Note No. 4.5211.
cess. The needs are diverse and frequentlv com-
plex and include: Olson, .T. R. 1979. Analysis of dual-energy

gamma radiation methods for moisture content
1. Clarification as to what is meant by determination of wood. Ph.D. Thesis. t'niv.

lumber moisture cor.ent in light of normal of Calif. Rerkelev.
within- and between-board variation;
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By P* Bruce Hoadley, Professor

Wood Science and Technology
__'niversity of Massachusetts

WAmherst, MA

ABSTRACT

>'Dimensional changes in response to normal climatic and
seasonal variation in relative humidity in heated buildings
is a predominant problem during both manufacture and
consumer use of solid wood products. Fnvironmental control
should be considered in production, but for items in service,
proper design and moisture retardinf, finishes offer best
protection. -

TNTRODI'CTION

There is little need to underscore the related effects, it is temptinc to re-echo the
existence and importance of humidity-moisture desirability for discovering economical wavs
content effects on wood products; countless to make wood dimensionallv stable, fireproof
examples are all too familiar to each of us and immune to biological deterioration.

even in our daily lives. These effects-- ever, considering that the search for suci
usually detrimental--include the direct alchemy has heen with us almost as lone as the
influence on dimensional behavior, strength problems, the prohiosis for findin a panacea
and thermal properties as well as such indirect is not promising.
effects as biological deterioration and the Tn ccnsiderine this topic T have tried to
failure of adhesion of glues and finishes, view the resultant effects as they confront
These effects prevail at every phase of end those directlv, involved with end use and
use from the storage and processing of stock products: e.g., the manufacturers, ,oodtorl-r5
in the plant through the eventual service life and homeowners. From. their viewpoints, thc
of the finished product In the consumer's effects of moisture often seem my'sterious,
possession. In reviewing this topic, the list intangible, and insoluble. On the other hand,
of individual moisture related problems seems careful anal ysis of most problems suizPgt that
endless. In manufacturinv,the all too common a reasonable solution based on existinc tech-
ones are misfitting parts, sunken or open g:lue nolo,.v is possible which hasn't been taken
joints, surface and end checks, and machining advantag5e of or even recocnized. Yv final con-
problems. The consumer exper leres sticking clusion then will be that even though some caps
of swollen drawers and doors, loosened tool in our technology can ho identified, the preat-
handles and furuiture joints, uneven joints and est progress can be made by implement n exist-
surfaces, cracked house walls, split panels, and lng technology rather than trvinp to fill the
so on. Rather than engage in a compilation, gaps. To be most effective this transfer of
this paper will focus on a discussion of a few existing technology--or in simple terms
examples which typify the more common categories "education"--must be expressed in lanti avc the
of problems and a discussion of the more urgent- worker or consumer can understand and must have
ly needed approaches for dealin, with them. relevance to specific problems.

In contemplating gaps In our technology
which might be indicated by these moisture

prF-F\AM"I':l%¢ F' AMrF"TAI.S

I Of all the moisture related effects on .nd
Paper presented at the Symposium on Wood ise, the most infamous are those involvinv the

Moisture Content--Temperature and Humidity dimensional change in response to bound water
Relationships, VPI and S1', Blacksburg, Virginia, variation. W.hile ever:one know, that wood
October 29, 1979. shr inks and swells, few can understand the

9 2



interrelationships between the heating of the A more specific example is in framing of
shop in the fall and the open glue joints which built-in kitchen counters, where the base is
result. These interrelationships have been framed by nailing 2 x 

4
's on edge along the sub-

thoroughly reviewed during this conference and floor. The countertop is constructed of plywood
need not be repeated here in detail. But I or particleboard. Since the rear edge of the
always find it worthwhile to visualize the countertop is anchored with a furring strip to
following progression: the wall studs, its height is fixed above the

floor. The front edge of the countertop responds
T RP to shrinkage of the base frame below it. In

R11 - YC touring a house under construction, I noticed
MC - AD/c an obviously wet 2 x 4 being used for counter

o base framing. Sensing my concern, the builder

assured me there was no problem in its high
as a reminder that temperature (T) can influence moisture content, since it would be nailed down
relative humidity (R1), relative humidity and "can't go anywhere." But a quick mental
controls equilibrium moisture content (EMC), calculation indicated that when the high mois-
moisture content produces dimensional change ture content (at or near the fiber saturation
m(A) or strain (E), the restraint of which can point) eventually reached equilibrium moisture

cause stress (a), sometimes sufficient (Omax) content of about 87, it would shrink an eighth
to cause failure--that is, checks. In some inch or more; the front edge of the counter
cases only a portion of this chain of effects would drop an equal amount. That builder would
need be considered to resolve a particular never build a counter that was out of level by
problem. that much. Yet that's what the homeowner

eventually got. (It's enough to make an egg
roll off a Formica surface!)

TYPICAL PROBLEMS In manufacturing plants where products such

as millwork, flooring, cabinets, furniture or
A commonly encountered situation is the sporting goods are being produced, it should

straightforward case of dimensional change be routine that stock be kiln dried to an average
which takes place when wood is used at a mois- moisture content the finished items will have
ture content other than that which it will in service. In most cases plants now do a
eventually assume in service. A routine example reasonably good job in this regard. But still
is the differential between the moisture content problems develop because moisture content is
of the framing lumber installed in a building allowed to change during manufacture. A
and the average equilibrium it will eventually typical example is trouble with edge-glued
reach after a period of occupancy and heating, furniture panels and chair seat blanks, where
In a study conducted in Amherst, Massachusetts, the end grain region of the stock is allowed to
moisture meter readings of softwood structural change moisture content. In dry weather, during
lumber being delivered to job sites averaged the time interval between the edging and gluing
18-19' with a range of from 12 to 29". Readings operations, the end grain may loose enough
taken on equivalent interior framing members in moisture and result in enough shrinkage acrcss
houses occupied for a number of years averaged the ends so that clamping pressure cannot fully
8 to 9T moisture content. In a typical dwelling close the joint. In damp weather, the ends of
built with conventional light frame platform gluing stock may gain moisture and swell prior
construction, the sills, joists, suhfloors, to machining. Edge jointing straightens the
base shoes, and rafters are vertically stacked; flared-end boards, which are then edge glued.

the perpendicular-to-grain dimensional changes When the panel ends eventually equalize back
are vertically cumulative. In a 2-story struc- to their original lower moisture content, and
ture the cumulative dimensional change in the attempt to shrink back to orginal condition,
framing can exceed an inch from the time of stresses are developed which may split the panels
construction to the attainment of eventual ot open the ends of the glue joints.
equilibrium. The consequences of tying part of
the house to vertiral masonry columns or plumb-
ing can obviously cause uneven distortion, with FOCUS ON Ilf(lDlTY
cracked drywall, separated joints, and uneven
floors. Builders always call this "settling"; The above examples indicate typical problems
I have never heard it called shrinkage. Many associated with moisture content change. But
builders see the problem as inescapable. Since more importantly, they reveal shortcomings in
it seems unlikely that framing can economically our traditional approach. Foremost is our
he dried as low as 87 moisture content, the preoccupation with the concept of moisture
obvious way of dealing with the problem is to content, both in our thinking as well as in
design the house framing so it can move verti- practice. In theory we know that moisture
cally independent of the masonry. Wise builders content responds to relative humidity. RI- is
do. the cause; EMC the effect. Yet in practice ,ve
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try to work mainly with moisture content, as if would be specified as being dried at an ERH of
in doing so RH will in turn take care of itself. 42 percent. This same specification would he
The result is that relative humidity has been appropriate for various species whose EMC might
almost universally ignored. I repeatedly meet range from 7 to 9 percent at this same 42 percent
manufacturers, woodworkers, and even hobbyists humidity level. Adapting an ERH philosophv would
and homeowners who are very knowledgeable about also focus needed attention on atmospheric con-
the moisture content that wood should have for ditions, namely relative humidity. rt is obvious
this purpose or that. Yet, they do not have an that greater humidity awareness and control wicud
inkling of the relative humidity for establish- be especiallv important in manufa(turing, for
ing and maintaining such moisture levels, nor here the wood is as vet unprotected by finish
do they have even the simplest instruments for and at this stage maintaininp. proper EY" is most
measuring relative humidity, nor the provision critical. At the same time it is at this stag,.
to regulate it in any way. It Is quite apparent of end use that control would he most feasihie.
that there must be much more awareness of rela-
tive humidity and its relationship to moisture
effects. IMPOPTA"CF OF VARIATTW:

In a brief article entitled Some Thoughts
on the Term 1EMC ''2 , Bruce Heebink suggested an It is common knowledge that wood shrinks
alternate term such as ERB or RBE (standing for and swells because of variation in atmospheric
"equilibrium relative humidity" or "relative humidity. gut in any actual situation. how muf 1h
humidity equilibrium") be adopted ap a basis does the atmosphere change? How muc h does-the -

for specifying moisture condition. Eis sugges- moisture content vary? How much does wood
tion was made primarily because so many modified really shrink and swell? What are the
wood products have different equilibrium mois- tolerable limits? Can we realisticalli st;Iv
ture contents. By this reasoning, rather than within them? These questions deservL much -,,re
specifying lumber to be dried to 8.0% MC, it attention than they have been given.

Ve can get a general sense of the potent ii:l
2 situation from figure 1, where examples of2SWST LOG. November, 1966. !imeo 3 pp. familiar R-EMC and EMC-shrinkage relat i,,n;hips

Society of hood Science and Technology, Madison are plotted together; we can now read dimenci,,n

change directly as a response to relative

FSP

24 24

0!

o 1616

O8 I I

0 50 100 0 4 8

RH (%) S(%)

Figure l.--Typical relationship between relative humidity (RH)
and equilibrium moisture content (EMC) and between equilibrium
moisture content and shrinkage (S). (T=tangential, R=radial).
Average data for red oak are shown. Dashed lines show appro-
ximate winter-summer extremes for solid wood in winter-heated
buildings in the Northeast.
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humidity, ,,ore or less ignoring the EMC interme- This mechanism can also develop checks in
diate. For the user of wood or wood products, the ends of originally dry wood. For example,

the notion of moisture content is a nebulous if the end grain surface of a dry board is wetted,
intermediate which is difficult to comprehend its attempted swelling is restrained by the rest
and seems academically remote. Correlating of the board and it takes on compression set of
humidity directly with dimensional change-- several percent. When redried, its attempted
two tangible indicators of environment and wood shrinkage exceeds the tensile strain limit and
behavior--would probably have far more relevance, checking develops.
But convention has traditionally ignored this This destructive effect of moisture content

approach. cycling is also the source of a major misconcep-
For a typical situation in the Northeast, tion about wood which is common among woodworkers

the humidity within heated buildings commonly and consumers. Because the high end of the
drops to below 20 percent Ri during periods of cycle is apparently without consequence, and
winter weather when the outdoor temperature is because the visible problems emerge only when
dipping below zero. In summer, indoor humidities low humidity is reached, the deduction is that
commonly remain above the 80 percent mark for the problem occurred "because it was allowed to
weeks at a time. Figure 1 suggests that unpro- dry out." A corollary reaction is that "oh, we
tected wood of average species responding to don't have any trouble with high humidity, it's
these extremes will vary in tangential dimension low humidity that casues all our problems."
by some three percent or more. Even greater Usually there is no recognition of the fact that
extremes are not uncommon. (In my basement, the low humidity level was of consequence only
spruce wafers have reached over 20 percent because it was preceded by the high. People
moisture content in summer, as low as three seem far more prone to humidifying during dry
percent in winter.) weather than dehumidifying during damp weather.

Pow tolerable is three percent variation
in dimension? In some cases it may be insigni-
ficant, as in a piece of free-standing sculpture,
a bread board, or the like. In drawers that A B C
stick or doors that won't close, it may be an
aggrevating problem, but seems to disappear
harmlessly once the weather again becomes / f 7 7

In countless products, however, this three T ii '

percent response to normal variation in humidity /~ .- f
can be quite destructive. An example is any
wood restrained from swelling, as the handle of 4 ij
a hammer in the head. If fitted tightly at a I
winter extreme, say 20-252 PP!, and allowed to i i., I

follow equilibrium to a summer high of 80-857 RH, 
4 I1

the attempted swelling of three or more percent
is restrained. Since the elastic strain limit .
in compression is commonly below one percent,i,
most of the restrained swelling is sustained -

as permanent set. Upon redrying to the original K V
relative humiditv equilibrium, the socket of the
handle shrinks to less than its original size

and of course loosens in the head.
Similarly, longitudinal grain direction in

a mortise restrains the tenon; and normal humid-
Ity variation can cause enough self induced com- LOW -- IGH - LOW
pression set in a mortise and tenon joint to
result in loosening and failure. The familiar Figure 2.--Behavior of a wide board or panel
loosening of chair joints, so commonly blamed under an extreme moisture cycle when (A)
on poor gluing or abuse of the chair, is proba- fastened at both edges and restrained from
bly most often the result of dimensional response swelling, (B) restrained but not fastened, or
to humidity variation. (C) unrestrained and unfastened. During

Another result of the same mechanism is moisture gain, A and B may show no symptoms,
the splitting of wide members (such as table although they accumulate compression set;
tops or side panels of case goods) which are the dimensional change in C may be quite
fixed at their edges as seen in figure 2(A). apparent. During moisture loss, C returns to
After sustaining compression set in the swelling its original dimensions; B shrinks to a smaller
phase, splitting occurs during attempts to dimension; A, restrained in its attempt to
shrink back because the strain limit in tension shrink (by an amount exceeding its strain limit
perpendicular-to-grain is usually only 1-2 percent. in tension perpendicular to grain), may fall.
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More awareness of the importance of variation conductivitV of the insulation and reducj ink, it,
is therefore necessary. Once understood, much insulation efficiency as well as increasing ti,-
more could be done to avoid the dangerous moisture content of any adjacent wood to a levf.l
extremes, that will support fungal activity or (ause

There is also a notion that dryness is breakdown of paint adhesion.
categorically detrimental to word. Some museum Most buildings constructed in recent ve.ars
conservators, for example, believe that wood have been well insulated with suitahle vap,,r
should be stored at no lower than 507 PI and barriers installed to minimize condensation
that 60-657 RH is optimum. problems. However, a partlcularlv,: crious

While controlling humidity might be a problem has arisen since the ener., crisis
reasonable approach to controlling dimensional has prompted the insulatinp of many old huil jocvs.
variation in the plant, it offers little promise Insulation Is often blown or pumped into the
for the consumer whose environment is inherentlv empty walls of buildings without installation
variable. The consumer must rely more upon of a vapor barrier. The insulation not onlv
finishes to provide a barrier which will retard establishes a dewpoint well within the wall, it
moisture exchange and keep the total variation also helps 'lock escape of the condensation
within harmless or tolerable limits. But I moisture when temperatures again rise. The
have found little useful information about the result is rapid progress of fungal action in
moisture excluding characteristics of current walls that have stood for centuries. Many
finishes. Likcwise little has been reported historic houses are being badly damaged by this
about the relationship between actual atmospheric thoughtless use of insulation, and the problem,
humidity and the actual moisture content of once created, is difficult to undo.
specific products finished with identified
finishing materials. I feel quite strongly
that this is an area where some practical applied CONCLI'SION
research results would be most useful and wel-
comed by both manufacturers and consumers. In most regions of the r'nited States,

No small part of the problem of education especially in colder climates, the normal
is the many misconceptions about wood which seasonal variation in indoor humidity can
prevail. We have all heard the notions that produce dimensional changes in wood which
"wood has to breathe," or that wood is really exceed tolerable limits. In manufacturing
living tissue and needs to be kept from drying wood products, environmental control within
out. In some cases misinterpretation is the the plant should be a primary consideration
obvious culprit. For example, in discussing in controlling the effects of moisture variation
the seasoning of wood, the author of one book in stock or in unfinished products. The in-
on woodcarving boldly states, "If a log is kept service environment of most wood products is
in the dark, in for instance the cellar, and characterized by variation and beyond reliable
then suddenly exposed to the light, splitting control; therefore application of a moisture
will often take place." barrier finish must be relied upon to buffer

the extremes of humidity variation.
In all cases, education must give greater

CONDENSATION IN BUILDINCS emphasis to "Equilibrium Relative Humidity"
in order to bring a greater understanding to

On a quite different topic, the problem of both the producers and consumers of wood
condensation in the walls of structures deserves products.
mention. Although condensation has always been
a concern in heated buildings, the onset of our
national energy crisis has multipled the fre-
quency and consequences of this problem.

Here the role of temperature as it affects
relative humidity is a key factor. In a heated
building in cold weather, a drastic temperature
gradient is established through the building wall
from the Inside to the outside. Since very cold
air can hold virtually no moisture, even when
the inside atmosphere seems quite dry it has
more moisture than can be held ly the outdoor
air. Consequently the dewpoint line (that is, -
the temperature at which moisture vapor will
condense to liquid) lies within the wall. Any
vapor passing through the wall will eventually
condense within the wall, usually within the
insulation layer if the wall is insulated. This
has the detrimental effects of increasing thermal
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ADSORP'TION OF AR; ICIEBID ANI) FLAKEBOARI
1

By' B. R. Vital, Graduate Research Assistant

0and0 1. B. Wilson, Assistant Professor
Q)epartmcnt of Forest Products, School of Forestry

CL- Oregon State University
ICorvallis, Oregon 97331

ABSTRACT

- The amount of water adsorption (WA) determines the
dimensional stability of particleboard and flakeboard.

Statistical regression models showed that WA is a function of
exposure condition, resin type, and board specific gravity, as

well as the thickness and slenderness ratio of the wood furnish.

Those factors explained 95 percent of all variation in WA. ,

different relative humidities. In turn, WA and
INTRODUCTION exposure conditions directly affect the amount

of LE and TS.
Particleboard is the generic term for a

panel manufactured from lignocellulosic mate- Again due to the processing parameters,
rials. Wood-based particleboard is made from the amount of water particleboard adsorbs and,

dry wood particles that have been coated with consequently, its equilibrium moisture content
resin, formed into a mat, and pressed under are not the same as those for solid wood

heat; flakeboard is a particleboard composed (Halligan and Schniewind 1972, Suchsland 1972).

of flakes. Processing parameters--wood species, Similarly, the "random" orientation assumed
reduction of solid wood to particles or flakes, by the particles and flakes in the plane of
drying temperature, amount and kind of resin the board during manufacture causes LE to be

and wax, moisture content of the mat, compres- greater than normally would be expected for
sion ratio, and pressing conditions--markedly solid wood in the longitudinal direction.

affect the properties of the finished panels.

TS has two components that affect dimen-
For example, because wood particleboard sional change: the actual swelling of the wood

is hygroscopic, changes in relative humidity and the release of compression stresses that
trigger complex responses by particleboard and develop during mat compaction. Because the

flakeboard. The environmental moisture affects amount of dimension change in a board can be

the moif;ture content of the board, measurably critical for most uses, standards for commer-

changing linear expansion (LE) in the plane of cial products of particleboard and flakeboard

the panel and thickness swelling (TS) perpen- specify allowable dimensional properties (U.S.

dicular to the plane. The amount of LE and Department of Commerce 1966).
TS depends on the processing parameters which

also affect the amount of water adsorption Vital (1980) established relationships be-
(WA) and the equilibrium moisture content at tween I.E, TS, and WA (terms in the functions

follow decreasing order of importance). For
I part ic leboard :
-Paper presented at the Symposium on Wood

Moisture Content--Temperature and Humidity Rela- I.E = x f(RT x BC, SC, SR, TBN, SR x EC,
tionships, Virginia Polytechnic Institute and
State University, Blacksburg, Virginia, October RT, and RT x TKN)

29, 1979. FRI, 1399, Forest Research Laboratory, TS = f(BC, RT x EC, SG x EC, RT x WA, and RT)

Oregon State University, Corvallis.
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corip ro L;iion ct i It tiheoleft-sr boa r, s . Lv -batt ill board, hlowever, WSA was1 more1 sensit ive to chiattfos

(1974) anid Vital t al. (1')7#) also iont 111.1 int part icleo lcometrtv thait !if board S(;. BOJ rd S

thlc amount if water .isorhcd iocrcai-ii if ri1121 itith port i- lu-s hav.illi a lar,;or siondorooss

boa rd Si:. iou roaISod. rat io (thinner part ic les) adsorlhod lC Il, wter.

I'lakohoaril made ith phienoli resi F141igu~re 3 prod iC t howi c hitging. pa~rt ic lo
Igenoratllv adsorbed more wator at both exposutre thijckness- will oif fct WA t or a !'I: or Pl-bondod

ciiriiit ions. Schnoider (1973) foun1d that) file part iclebtoard tlith SG; = .7ol. WA is tttorc cn-

11iffLorooc, in WA Lille to rosin typo increased I-s sit ive to clian),jos in part icleo tlhil1tlss between

Ltl rclativ hVm111iilit'. minreaseod. hIowever, wo 0.1t ) andl 010 mm. Tho SmatIllost inCrOTTIIltt in
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F i vure 1. Predicted ef fe0(t 'If Ilake 1lengthl 1:11 t !ic,:: ; 011 til watkqr ,A, , io:w ( :A) 1'r ' k -

board (SC = 0.7(0) Owhtn relat ive hum~ridlity c an2 ,\ ro:m l to 0,) per j':j 1 1 5, dc ! I il-.,

(B) from 10 to (15 percent il, i "' " o dc I ~ r! 1 ror t' L Pr,' rL I, P: -1r ,,

and (D) from 05 to 80 ?r,-ent ill I ',.f!
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0 A% FLAKEBOARO / LF
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0 FLAKESOARD/PF - 3o0 65% 5,0 /

0 PA*AICL.OARO / PF ---- 65-80%

40- 45 5

<- 40

30;r

BOARD SG 30 AUF 0IADHD

Figure 2. Predic ted eff cot of bard o i c PH-ENOL FORMALDEHYDE"

gravit (S on Ot t w. or nd, orption () ot 25.

f lakeboard made with 50- x 0.1,0-rnun 1I IAs anll 30 65%
part icleboard made with part icoles ().,):mm. 65-800%thick. -L L I , I ' I

00.5 1.0

PoARTICL E THICKNESS, mrn

?i" Irc . PrIcd IicItc I " I !I It '' )11 11ti 1' t , -

ntv5;s ,it thet ,it,-r . ! orpt ion ( ot\ ,ir c t

[,oard withI ' I~ it ic " ' t. , .7

00-It-(

~--0
- l I . .. . .i I m , , .. .. - .. . -_7 .. .. . .. . .. . . . . . ... . - -
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